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EXECUTIVE SUMMARY

The third annual report of the University Research Initiative project at UCSB

on High-Temperature, High-Performance Composites consists of sections compiled

in a total of six books. The first section in Book I is concerned with the properties

and structure of bimaterial interfaces and the related problem of coating decohesion

and cracking. The second section describes research on the strengths and fracture

resistance of brittle matrix composites manufactured with fibers, whiskers and

ductile phases. This information is presented in Books 2 and 3. The third section

addresses the flow and creep strength of reinforced systems, with emphasis on effects

of aspect ratio and the incidence of damage, and is offered in Book 4. The fourth

section, Books 5 and 6, describes work on processing of intermetallic and ceramic

matrices and composites, as well as numerical- modelling of the melt-spinning

proce.ns.

SECTION 3: FLOW AND CREEP STRENGTH

A substantial activity has been initiated to examine strength and ductility

during both plastic flow and creep in the presence of reinforcements. The variables

of princ.pal interest are the reinforcement aspect ratio and size, as well as their

fracture/debond resistance. The initial studies have been on a model, solute-

strengthened system, Al 4% Mg reinforced with SiC having different morphologies,

fabricated by squeeze casting. The matrix is chosen to be ductile and fails by

necking to a ridge and thereby, inhibits premature rupture.

Strengthening and ductility have been explored in the alloy containing

equiaxed SiC particles (50% by volume) having a range of particle sizes between 3

and 160pLm (Yang et al.). The results indicate that the flow strength diminishes



somewhat with increase in particle size; this effect has been attributed to the

enhanced damage (particle cracking) observed in materials containing the large

particles. Conversely, there is a strong effect of particle size on ductility, with the

greatest ductility occurring in materials containing the smallest particles. This trend

is attributed to the relative I,.cidence of particle cracking, as governed by weakest

link statistics associated with flaws in the particles, introduced during commination.

The ultimate strengths of these materials is high (- 600 MPa) and greater than that

expected from calculations conducted for composites with a spatially uniform

particle distribution. The discrepancy is being addressed by examination of the

influence on non-uniform spatial arrangements and the associated bigh constraint

between the more closely-spaced particles. Similarly large strength elevation has

also been found for material reinforced with A120 3 particulates (Hirth et al.). In this

case, the strengthening has been attributed to dislocation cell formation governed by

the particle spacing. These different effects remain to be brought together in a

unified model. In addlion, the toughness of the A1203 containing material has been

measured (Hirth et al.) to reveal that the toughness increases with increase in

particle size in accordance with known concepts of ductile fracture.
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ABSTRACT

The processing and mechanical properties of an Al alloy reinforced with a

high volume fraction of SiC particulates have been investigated. The properties are

shown to be appreciably affected by the particle size. These effects have been

exclusively related to the incidence of damage caused by tlt particulates. In

particular, particle cracking has been shown to occur in the larger particles, with a

cracking probability that increases as the particle size increases. The cracks reduce

the flow strength of the materials and crack coalescence controls the ultimate

strength and ductility. The measured trends in these properties are consistent with

simple mw'els of these damage processes.
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1. INTRODUCTION

The modulus, strength and ductility of Al alloys reinforced with ceramic

,,articulates are known to be influenced by such variables as the particle size and the

volume fraction, as weli as the matrix flow stress and the debond resistance of the

interface.1-2 ht particular, the attainment of the high Young's modulus required for

some applications (of order 200GPa) dictates high volume fractions of

reinforcements and attendant problems associated with relatively low ductility and

toughness. The intent of the present study is to examine mechanical properties in

systems of this type, as needed to provide a basis for optimizing properties.

Al matrix composites with high volume fractions of reinforcements can be

produced with controlled matrix and interface characteristics by squeeze casting.

This processing approach is selected for present purposes. Furthermore, it has been

evident that a high ductility matrix is needed to achieve good composite properties

at high reinforcement volume fractions. Consequently, this investigation

emphasizes solid solution alloys based on Al/Mg.

An important theme of this paper is to relate the composite mechanical

properties to the flow strength and ductility of the matrix through appropriate

modelling approaches. For this purpose, the flow properties of the composite are

evaluated in both tension and compression and the ductility is measured in both

tension and bending. In addition, microhardness measurements are used to

correlate the flow strength of the matrix material with the flow strength of the

corresponding bulk matrix material. Effects of particle size on these properties

represent a central feature of the investigation.
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2. COMPOSITE PROCESSING

A modified squeeze casting, pressure infiltration process was used for

composite processing. In this process the silicon carbide preform is surrounded with

a relatively rigid ceramic filter, (Fig. 1), which serves several functions. First, the

ceramic filter removes oxides entrained in the melt. Second, the melt flow into the

preform is multi-dimensional, from its sides as well as the top, allowing uniform

preform deformation and hence microstructures. Finally, since the lower die half is

not evacuated, entrapped air is pushed down into the porous filter located below the

preforim.

The AI-4wt%Mg alloy melt was prepared from 99.98% purity Al and Mg using

an induction power supply. The melt was degased using conventional practice, and

superheated -150K prior to introduction above the filter/preform assembly in the

lower die (Fig. I).

The preforms consisted of SiC particulates, 3.Slm to 1,65un in size purchased

from Norton Company. The particulates were encapsulated in the ceramic preform,

heated to -1050K in a resistance furnace prior to introduction in the lower die half.

The die itself was preheated to -573K

The ram speed in the hydraulic press during the infiltration process was

-10mm/sec. A final press pressure of -l3OMPa was maintained on the composite

until complete solidification of the alloy?.

Representative maicrostructures of as-cast composites conta'ning 0.5 volume

fraction of SiC particles are shown in Figure 2.
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3. MECHANICAL MEASUREMENTS

3.1 COMPRESSIVE PROPERTIES

Compressive tests were conducted using procedures described elsewhere,3

leading to the true stress/true strain curves plotted on Fig. 3. A prominent feature

of the results is the grouping of the materials into two classes: "large" particles

(.50pni) and "small" particles (<20 pim). The flow strengths of the former are lower

than those for the latter, but both have substantially higher strength than the

matrix.

Observations conducted on the test specimens revealed a substantial

difference between the two material classes with regard to the tendency toward

particle cracking during testing. Specifically, materials containing the "large"

particles exhibited multiple particle cracking, with most cracks oriented along the

stress axis (Fig. 4a). These cracks had fully developed at relatively small plastic

strains of order 1 percent. Conversely, cracks could not be detected in the materials

containing small particles, even at plastic strains of - 3.5 percent (Fig. 4b). Similar

trends in particle cracking are evident upon tensile and flexural testing, as

elaborated below.

3.2 TENSILE PROPERTIES

Tensile tests have been conducted on test specimens having the geometry

depicted in Fig. 5. Following water jet cutting, the gauge sections were carefully

polished to minimize mechanical damage. Stress-strain curves obtained for each

material are summarized in Fig. 6. It is apparent that the flow strengths of the

materials are similar, but that the ductility is substantially dependent on particle

size: decreasing as the particle size increases. Also, some weakening of the material

containing coarse particles is apparent at strains approaching the rupture strain. The
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effects of particle size on strength and ductility are summarized in Fig. 7.

Fractographic inspection of the fracture surface revealed that the large SIC particles

fracture, whereas interface debonding occurs with the smallest particles (Fig. 8)

3.3 FLEXURAL PROPERTIES

Specimens suitable for four-point flexure tests have been prepared with

considerable care devoted to the condition 9f the tensile surface. Specifically, final

poiishing with 114prm A120 3 has allowed high quality surfaces to be produced.

Nominal stress-strain curves obtained from the flexure tests are shown in Fig. 9.

This mode of testing confirms that material with the 'small' particles exhibits the

higher flow strength and the greater fracture strain. The flexural information may

be converted into tensile stress/strain curves (Appendix 1), leading to trends in the

effects of particle size on strength and ductility summarized in Fig. 7.

Sequential observations have been used to monitor the evolution of the

damage that leads to fracture and controls the ductility. For the materials with the

larger reinforcements, particle cracking is appaent and initially occur- in a spatially

random mode (Fig. 10). Just prior to ultimate failume, cracks within particles interact

with those in neighboring particles and produce u macroscopic crack which leads to

rupture.

3.4 HARDNESS MEASUREMENTS

The in-situ flow strength of the Al alloy within the composite and the bulk Al

alloy were compared using microhardness measurements performed with a Vicker:

diamond indentor. The load (- 2N) was selected such that the indentation size was

no greater than about one third of the spacing between adjacent SIC particles in the

composite. Anomalously small indentations in the composite were disregarded
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because of the influence of particles immediately beneath the indentation. The

results, summarized in Table 1, indicate the in-siru flow strength of the At matrLx is

w 40% greater than that of the bulk alloy.

4. SOME BASIC MODELS

4.1 FLOW STRENGTH

It is apparent that the composite flow strength decreases with increasing

particle size, independent of the testing mode. To understand the size r- ct, it is

recognized that continuum analysis of the composite flow strength predicts 7

independent behavior. However, it is also appreciated that damage in the form of

particle cracking and interfacial debonding degrades the flow strength.4 One

interpretation of the observed flow characteristics thtus invokes unique flow

strength behavior ixt the absence of damage, with deviations occuring as damage

accumulates in the material. Qualitative support for this hypothesis is given by the

observations of damage and the strains at which damage initiates (Fig. 10). Notably,

particle cracking is most prevalent and initiates earlier in materials with larger

particles. Further support for the effects of damage is provided below.

The level of the flow strength of undamaged material is sul" tantially above

that for the matrix. Specifically, by taking account of the differences in matrix flow

strength in the composite and in the bulk alloy, the strength ratio

(coraposite/inatrix) is - 4. Such large strengths are not consistent with calculations

of the composite flow strength conducted for regular arrays of equiaxed rigi d

particles which indicate a strength ratio of only 1.5 for the present volume fraction

f, = 0.5).5 However, the spatial arrangement has a profound effect on the flow

strength, because of the high constraint present between closely spaced particles.

One possible explanation of the high strength f-us resides in the specific spatial

arrangements and the associated level of connectivity between closely spaced
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particles. To further explore this possibility, it is Insightful to Invoke the Prandtl

solution for a perfectly plastic layer between rigid plates which predicts a flow

strength, a, given by,,

cr/cT = 3/4+y4(R/h) (1)

where (7 is the uniaxial yield strength of the matrix, 2h is the metal layer thickness

between particles and 2R is the plate width (Fig. 11). Consequently, to achieve the

measured strength level (of order 40O), the metal layer thickness that controls the

composite behavior should be

h/R - 0.08 (2)

Matrix regions of this thickness are certainly common (Fig. 2), but it is unclear why

such regions should dominate the strength.

4.2 EFFECTS OF DAMAGE

To further examine the influence of damage on the flow strength, a solution

for the strain caused by penny-shaped microcracks in a power law material may be

invoked. 7 This solution has reasonable applicability to the present problem of

cracked particles, because most of the plastic strain develops around the crack

perimeter. Specifically, for a crack subject to axial and transverse stresses as and

aT, respectively, the volume of the microcrack AV is;

AV = 8e, a3  as

(1 + 3N)'t2 las - aTI (3)
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where N is the work hardening exponent for a power law hard-ning material:

Y = O (e / e)N , a is the cra..k radius and c" is the remote (applied) equivalent

plastic strain. When multiple aligned cracks are present, I per unit volume, the

dilatational strain Ois then,

o = &V (4)

Furthermore, using the conventional notation for the "volume fraction" of

microcracks, , given by,8

= (47r/3)(a3)t (5)

the dilatational strain becomes;

7t(1+3N) 2 IJa1STI (6)

For uniaxial tension ((0 T = 0), equation (6) reduces to;

=
7c(1 + 3N)'I' (7)

where e1 is the applied strain. In the present problem the quantity can be

associated with the volume fraction of crackec particles. Furthermore, since all of

the strain caused by the microcracks occurs in the direction cf the applied strain, 0 in

equation (7) can be viewed Lzs tie extra axial plastic strain induced by the
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microcracked particles. For the present case, N 0.1 and, it all the particles

microcrack, - 0.5, then;

0.84. (8)

Consequently, substantial additional strain is possible. Some results for different ,

representing different fractions of cracked particles, are shown in Fig. 12.

4.3 FRACTURE STRENGTH AND DUCTILITY

Strong effects of both particle size and applied loading on the ultimate

strength and ductility are evident (Fig. 7). The trend in tensile ductility with particle

size is related to the effect of size on the -ncidence and coalescence of damage.

Specifically, the cracks that form rather readily in the larger-sized particles result in

reduced ductility, whereas the smaller SiC particles resist cracking and provide

greater ductility. Since the stresses in the particles are independent of particle size,

these trends reflect the strength characteristics of the particles. The most obvious

size effect derives from weakest link statistics. 9 Notably, for particles subject to

homogeneous stress S having behavior dominated by surface flaws, the fracture

probability P at stress S varies as;

- In(l- p) = (S/So) m (R2/Ao) (9)

where So and Ao are scale parameters and m is a shape parameter that characterizes

the flaw population: R is the particle radius. The size scaling associated with

particle crack formation thus has the form, S - (1 / R) 2/m.
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Another size effect arises because the cracks formed have size governed by the

particle size. A fracture model involving cracked particles that has the requisite

basic features invokes a crack. comprising multiple, contiguous fractured particles,

with intact intervening matrix (Fig. 13). For this model, the onset of unstable

fracture occurs in accordance with a niode I toughness, KIC that varies in

approximate accordance with,10

,. f~ c 1112

2 1/
K c IE]'.,8,c -+ + .Io
KO KO(l - V2) J(9

where Ko is the toughness associated with a crack without bridging ductile

material, U is the traction exerted on the crack by the intact ductile ligaments, 5c is

the critical plastic stretch of the ligaments, fm is the matrix volume fraction and E

and v are the modulus and Poisson's ratio of the composite. The fracture stress T

is related to Kic by;,

"T = I IT K Ic / 24Y 1 a-

where ac is the crack radius at fracture. The critical crack radius is governed by the

number of contiguous cracked particles, n, and the particle fraction, fp ( 1 - fin),

such that,

ac / R = -F / fp"3  (12)

Consequently, the fracture stress becomes,

11



2 -.41P ( 0J

The occurrence of fp in the numerator reflects the feature that fewer cracked

particles are needed to produce a crack of xecfed rdit when f is small.

The two preceding size dependent features can be combined to provide itn

estimation of the tendency for particle cracks to form in neighboring particles and

thus, to establish some basic characteristics of the fracture process. At the very

simplest level, it may be assumed that particle cracking occurs in a satistically

independent manner (i.e., no interaction effects). Results of this type have

previously been developed for inicrocracks and creep cracks.1 1,12 The analysis

presented in Appendix 11 indicates that n is a weak, logarithmic function of the

strain, the volume fraction of particles and the specimen volume. Consequently,

the dominant non-dimensional parameter is, T 1R / KIC fp"'6 . The variation in

composite fracture stress T with particle size R measured in this study (Fig. 7) indeed

varies as - 4 .

5. CONCLUDING REMARKS

The experimental measurements and observations have highlighted the

influence of damage on the flow properties of the composites as well as on their

ultimate strength and ductility. An important influence of damage, has also been

identified in previous studies of the effect of superimposed pressure.4 Various

forms of damage are possible, but the present studies have emphasized particle

increases. The cracking encourages additional plastic strain in the matrix and can

lead to appreciable softening of the material. This effect has been proposed as the

principal origin of the lower flow strength of the material containing the larger

12



particles. Cracks in particles have also been shown to coalesce and produce a

macroscopic crack bridged by segments of the ductile matrix. The unstable growth of

this crack occurs at the ultimate strength and governs the ductility of the composite.

Tentative models for this process have been provided.

Finally, it is appreciated that the dominant mode of damage and its role in

flow and fracture is Influenced by the matrix strength and ductility. The present

results and interpretations refer to a low strength, high ductility matrix. Transitions

in damage mode and in the failure criticality are expected when higher strength, low

ductility matrices are used.
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APPENDIX I

TRUE FRACTURE STRESSES IN FLEXURE

The true stress O't on the tensile face of a plastically deforming flexure

specimen can be estimated by assuming that the axial strain varies linearly across

the beam section and that the material exhibits no strength differential effect i.e. the

tensile and compressive flow curves are identical. In this case the applied bending

moment, M, is given by13:

2M

BD 2  S[ (Al)

where B is the specimen thickness, D is the specimen height, S. is the strain on the

tensile face, and the flow stress U is assumed to obey power law hardening.

Integrating equation (A) give%

2M C t

BD2  N+2 (A2)

The corresponding nomnal stress, S, derived from a linear elastic analysis is,

S 6M

BD 2  A3)

Comparison of equation (-2) and (A3) leads to the result,

c t =2+N

S 3 (A4)
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For the materials examined in- this study N - 0.1 and thus at 0.7S.
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APPENDIX II

PROBABILISTIC ASPECTS OF PARTICLE CRACKING

The 9robability (D that n cracked particles will be contiguour within a gauge

section volume V is 11,12

D= fPn+,- (V/R 3 ) [1/2 - I/tnp]- ' (13)

The full solution z the fracture problem described by equations (9) and (131) is

unwieldly. Physically insightful trends, suitable for present purposes, can be

elucidated by regarding P as relatively small (P 2 0.2) and n as relatively large (n >

10), whereupon equation; (9) and (131) combine to give;

fR' S 0 R~ RI

[ 0)fl {O J} (132)

To facilitate application of this result, it is convenient to express it in terms of the

stress dependence of the number of contiguous cracked particles, at a fixed

probabih-.1y level whereupon,

n o~ fp;Vg{tn[((S/SO)m R 2/ A0]}]

log[(S / S)m R2/A 0 ] (133)
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The logarithmic dependence on the variables indicates that 1 is re1atively invariant

and can be regarded as approximately constant in equation (13).
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TABLE 1.

SUMMARY OF HARDNESS TESTS

VHN STANDARD

______________ (Ipa) DEVIATION' Ma

Al alloy in 690 50

composite ____________ ___________

Bulk Al 500 20

ahlov it __________

Ratio of VH-N (Composite/ Bulk) -1.38



Fig. I A schematic diagram of the squeeze casting process.

Fig. 2 Microstructures of as-cast composites containing SiC particulates, (a)
160tim and (b) 13 tm in size.

Fig. 3 Effects of particle size on the compressive stress-strain behavior.

Fig. 4 (a) Transverse section of a compressed specimen containing coarse SIC
particles. (b) Longitudinal section of a composite containing small
particles. Both specimens were subjected to a compressive strain of
3.5%. The compression axis is vertical In (b).

Fig. 5 Tensile test specimen. Dime.sion are in mm.

Fig. 6 Typical tensile stress-strain curves for composites containing large and
small particles.

Fig. 7 Effects of particle size on (a) ultimate strength and (b) ductility in
tensile and flexure tests.

Fig. 8 Fracture surfaces of composites cortaining (a) 160gin and (b) 1311m SiC
particulates. The large particles crack, whereas the smaller ones exhibit
both cracking and debonding. The fine dimples in (b) are a result of
particle-matrix debonding. (c) Crack propagation in a flexure specimen
of material containing 131Lm particles, again showing both particle
cracking and debonding.

Fig. 9 Typical nominal tensile stress-strain curves obtained from four-point
flexure tests.

Fig. 10 Micrographs showing the propagation of particle cracking on the
tensile face of a flexural specimen. (a) and (b) are identical regions at
nominal stresses of 120 and 270 MPa, respectively. The arrows in (b)
show cracks which were not present: in (a). (c) An SEM view of the
tensile face immediately before fracture showing linking of particle
cracks.

Fig. 11 A schematic diagram showing the stress-strain characteristics of a thin

metal la.yer sandwiched between rigid plates.

Fig. 12 A diagram showing the effect of the volume fraction of cracked

particles, 4, on the plastic flow behavior of a metal-matrix composite.
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t:j, 13 A schemratic diagram showing the evolution and coalescence of
dirnage during plastic straining of a particulate-reinforced composite.
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Fig. I A schematic diagrain of the squeeze casting process.



(b)

Fig. 2 icrostructures of as-cast composites containing SiC particulates, (a)
16Opmn and (b,) 13 pmn in size.
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Fig. 3 Effects of particle size on the compressive stress-Strain behavior.
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(b)

Fig. 4 (a) Transverse section of a compressed specimen containing coarse SiC
particles. (b) Longitudinal section of a composite containing small
particles. Bath specimens were subjected to a compressive strain of
3.5%. The compression axis is vertical in (b).



Thickness -4 mn. 2.

Fig. 5 Tensile test specimen. Dimension are in mm.
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Fig. 6 Typical tensile stress-strain vtrves for composites containing large and
small particles.
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Fig. 7 Effects of particle sizt on (a) ultimate strength and (b) ductility in
ten-ile and flexure tests.
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(c)

Fig. 8 Fracture surfaces of composites containing (a) 160jim and (b) 13pin SiC
particulates. The large particles crack, whereas the smaller ones exhibit
both cracking and debonding. The fine dimples in (b) are a result of
particle-matrix debonding. (c) Crack propagation in a flexure specimen
of material containing 131im particles , again showing both particle
cracking and debonding.
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Fig. 9 Typical nominal tensile stress-strain curves obtained from four-point
flexure tests.
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(c)

Fig. 10 Micrographs showing the propagation of particle cracking on the
tensile face of a flexural specimen. (a) and (b) are identical regions at
nominal stresses of 120 and 270 MPa, respectively. The arrows in (b)
show cracks which were not present in (a). (c) An SEM view of the
tensile face immediately before fracture showing linking of particle
cracks.
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Fig. 11 A schematic diagram showing the stress-strain characteristics of a thin

metal layer sandwiched between rigid plates.
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Fig. 12 A diagram showing the effect of the volume fraction of cracked
particles, 4, on the plastic flow behavior of a metal-matrix Composite.
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Fig. 13 A schematic diagram showing the evolution and coalescence of
damage during plastic straining of a particulate-reinforced composite.
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I. INTRODUCTION

Ceramics are typically capable or withstanding higher tcmpcr:itures than
other materials. Hence, there is substantial interest in such materials for heat
engines [1,2], bearings [3], ctc. However, high temperature degradation
phenomena exist that influence performancc and reliability. The important
degradation processes include: creep [4], creep rupture (5.6], flaw generation
t7], diminished toughness (8) and microstructural instability (9]. The
fundamental principles associated with some of these degradation phenome-
na are reviewed, and prospects tor counteracting the prevalent mechanisms
are discussed.

The strength of a rcramic typically diminishes at elevated temperatures
(Fig. I), initially owing to the diminished potency of toughening
mechanisms' (8] and subsequently, following the onset of creep [! 11. The

ICeramic composites that exhibit notch inscnsitivliy at Iow r Icmpetatures can also

expcricnce a temperature dependent transition to noch sensitivity (10],

.W o,.sQ a k".coasi s 697 cmnuito Iat"y a rMs. I.
w4S tI249OUS.1esenct
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degradation mechanisms thm, opc:ratc at the hlghcst tcmperaurs-n the
creep ;cgimc-arc emphasized in this article, A dominant microstructurai
consideration with regard to elcvat.-d temperature behavior is the existence or
a grain boundary, phase [9]. Such phases typically remain after liquid phase
sintering and, frequently, are amorphous and silicatc.baused. The second
phasc constitutes a vehicle for rapid mass transport and dominates the creep
C12], creep rupture (13] and oxidation E9] properties, as well as the
microstructural stability. The grain si:e constitutes another important micro.
structural paramcter. by virtue of its influence on the diffusion length and on
the path density. Amo.-phous phase and grain size effccts are thus emphasized
in subsequent discussions of microstructural influences on high temperature
properties.

The high temperature phenomenon that, in the broadest sense, hus
overwhelming practical significance' is the existence oft aransion between
creep britdeness and creep ductlity [5.6] (Fig. 2a.b). Fracture in the creep
ductile regime occurs at large strains (c 5: 0.1. Fig. 2c), in excess of allowable
strains in typical components. Consequently, when creep ductile behavior
obtains creep rupture is not normally a limiting material property. The
current article thus emphasizes the material parameters that govern the
brittle.to-ducile transition. However, it is recognized that this transition may
not occur within a practical range in materials having undesirable micro-
structures. The emphasis regarding microstructural design would thus differ

'Espewlly for applicitions that allow only limited dimcnsionl changes dunng operation
such as Cnl'ne components.
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from those presented in this article. Finally, some preliminary remarks and
speculations regarding thc influcnce or reinforcements, such as whiskers and
fibers, on the high temperaturc pcrormance arc presentcd.

II. CREEP DUCTIUTY

The transition to creep ductility rcprescnts, at the simplest level, a
competition between flow and fracture, and thus. occurs whcn the flow stress
becomes smaller than the stress needed to Induce the unstable extension or
cracks (Fig. 22). At a more sophisticated level, it 1: necessary to specify the
flow and fracture characteristics, subject to the imposed loading. The Jlow in
finc-grained materials is supposedly governed by diffusional creep and can
usually be represented by a viscosity (4]

kT13

where t is the grain size, D. Is the lattice difTusivity, fl the atomic volume and
D6 is the diffusion parameter pertinent to either the grain boundary, D,.,, or
the grain boundary phase. D,6o. Some complicating effects occur in very fine
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ntI pciritI fvrw ptcose art mote comnplex~. The (racur pamicicrW
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the thrshold mmets Intiity. K,i,. that dictaics the Owle offmck bluntingl (6)
tFig. 31 Specifocally. at sircis imnm~.,cs bcIow K,- crack growth is prohi-
bitcd. whcrcupon creep 4 sasud(ig -KA osritccrr
fr creep ductility it tbus olutaaned bapplying the inequality

%hmisi the radiut of the lariest crack that 'either ptc-raimt or may bc
nucleated by hdtrogencous creep, oxidation. tic, and ird is the dssgn stres.
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Hlowever. it is also recognized that the pemissibl creep strain tmust not be
eaeeeded within the lifetimet, 1*. resung0 in a second criterion

(3)

The inequsai of Eqs, (2) awd (3) must V. t be satsfi in order to atsure
skquatc creep performnincv. Further progrw thus require appreciation of

the creep crack growth threshold, as wtl; as an understaninj or the
dominant hilh temperature lIaws.

In some materiali. slgnOucnt creep crack growth it not encounicivd before
the ductility trAnsition. For such matrials, the critical stres intenspty. 9, it-
prtiumcd to be the relevant frActure paramrvttr. replacing Kj in 11+ (11
Conicqutntly. K, at teveaittl temperatures is alto afforded consideration.

NL CIMa CRACK GItOTK

JL C"ee Crack GrewA Mhanhms

The basis for compreheoding creep crack growth mechanisms is the
characte of the crack tip when diffusion opertes, at elevated temperatures.
At such temperatures, chemical potentia continuity and force equilibrium
are demanded at the crack tip C17]. Hence, since cracks are typically
intergranular at high temperatures (S,k IS] the crack tip must be partially
blunt (Fig. 4) in order to satisfy the equilibrium relations C17],

i - 21,co

wherc * is the dihedral anglet, 1, and 7, are the ptain boundary and surface
energies. respectively, KO Is the surface curvature at the crack tip and to is the
normal stress on the Srain boundary at the tip intersection. The resultant tip
con1juration. as well as the correponding crack tip field are very different
from those associated with the sharp cracks involved in brittle firacure.
Consequently, the conditions for extension of the crack cannot be readily
related to the ambient fracture toughness. Instead, the crack growth mechan-
isms involve the removal of material from the crack tip region (by diffusion or
viscous flow), resulting in the creation of new crack surface Two "atgories of
such mechanisms typically dominate: direct extension mechanisms thf t entail
matter transport over rdlatively large distances C17,18] (Fig. 4a, a&M damage
mchmnlsms that involve small scale mass transport within a zone directly
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ahead of the crack tip (9, 1-] (Fig. 4bJ, However. the mechanistic details arc
Scmitive to various aspects of th microstrucure.

Crop crack growth rates In ceramics that exhibit Newtonian bihavior
typically satisfy the non.dimensionl form:

K~A'9]L - FQ'M) )
whcrc L is a charac.ristic length for grain boundary diffusion, and F is a
'un ion of 1iQoU m-crostructural featurts, such as grain size and cavity
spacing. T'p slly, both aa ind L depend on crack velocity. resulting in
non.linear crack Criwth rakes

4 - AOU /Xr (6)
where do and ar material sensihivt z6eft ,its. In particular, the magnitude
of i depends sensitively on the dominant mechaiiism and the choice or
boundary conditions. Selection of conditions that pertain to the zcual crack
growth problem of interest is thus a crucial aspect ofcomparing crack growth
measurements with predictions.

In some materials, especially those containing amorphous phascs, intact
litaments of amorphous material remain behind the crack tip (16] (Filt S).
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nonlineicar function of K, due to the nonlinear retion between crack velocity
and thc pieominant diffusion knithi Cc.g., L in Eq. (5)).

Operation of the above mechantisn in polycrysitals is restticted by thc
ability of cracks to ercumnvini grain junctions. Specl lly. when the crack
does not contain a Wetting fluid, the dihedral anl& . is large, and
substantil mass flow is needed to achieve crack extension across a train
junction. Consequently, only the reatively narrow cracks that arc obtained
at higher vlocties extend by this mechanism. However, when a wetting fluid
Is located in the crack, (# - 0 or -t -. 0), the crck can remain as a narrow
entity (18], even at low velocities, and extend beyond the grain junction. For
thit reson. a vettng fluid may be regarded a s a prir source o( high
temperature stres CirWOStoA.

Matcrias that contain a continuous amorphous phaae may be subject to
an alternative direct crack advance mechanisi (13], In this instance., an
amorphous phase mtnstcus at the crack tip fg. 6) simply extends along the
grain boordary. cauung the crack to grow. and leaving amorphous m;ttrial
on the crack surface. Analysis of this proeess has been conducted subject to
the conditions: the amorphous phase is thin, the Srain displacemcnts arc
disettized by the sliding of grain boundaries ahead to the crack and such
displacements ar accommodat d by viscous creep of the surrounding solid.
Thce, crack growth is highly constraincd and the crack growth rate has the
form [13]

A K(, - (9)

where 6 is now the amorphous phase thickness (the subscripts 0 and c refer,
respectively to the initial value and the value when the grains at the crack tip
separate). Unfortunately, it is not possible to compare Eq. (9) with Eq. (8),
because of the very difertnt material responses used to derive the results.

Fr. 5, A nwhannta oremp cock Stowth in matipria ths comhin &thin amotplhia rgnan
-""C'My P-.
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folihncir functiin or K. due to the nonlinimr relation between ii-aek veloity
and the prct.iminint diffusion lengths ([c,.. 1. in Eq. 0S)],

Operation %,ri the above mechanism in polycrystals is restricted by the
ability of cracks to circumvent grain junctions. Spcifically. when the crlck
docs not contain a wetting fluid. the dihedral angle, 0. is large. and
substantial mass flow is needed to achic~c crack extension aicross a grain
junction. Consequently, only the telitit-cly narrow cracks that arc obtaiincd
-it higher velocities extend by this mechanism. I-owever, when a wetting fluid
is located in the crack, (0 - 0 or -, - ). thc cracL can remain its it narrow
entity (IS], even at low vclmcis. and extend beyond the grain junenion. For
thit reason, a wetting fluid may be regarded as a prime source of high
temperature stress corrosion,

Materials that contain a continuous amnorphous phase may be subject to
an alternative direct crack advanue mechanism (13], In this instance. an
imorphous phase mcniscus at the crack tip iFig. 6) simply extends along the
grain hour4ary. citusing the crack to grow. and leaiang amorphous mawcrial
on the crack surface. Analysis of this process has been conducted subtcct to
the conditions. the amorphous phase is thin, the grain displacements ire
diseretized by the sliding of grain boundaries ahead to the crack and suech
displacments are accommodated by viscous creep of the surrounding solid.
Then, crack growth is highly constrained and the crack growth rate has the
form (33)

d M Kel(9)

where 6 Is now the amorphous phase thickness (the subscripts 0 and c cer,
respectively to the initial value and the value when the grains at the crack tip
separate). Unfortunately. it is not possible to compare Eq. (9) with Eq. (8).
because of the very different material responses used to deriv-e the results.

rsc. & A mechanism ocrepcrack growth in miaterials thai contain a thin amorphous grain
boundary phase
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Nevertheless, it is noteworthy that the crack velocity in Eq. (9) is insensitive

to the thickness orthe second phase, Jo. but strongly dependent on grain size.

The prevalani mechanism ofdamage enhanced crack growth Involves tie
nucle.tion and growth of cavities on grain boundaries in a damage zone
ahead of the crack [19,20] (Fig. 7). The stress on the damage zone motivates
growth of the cavities, once nucleated. Consequently, the crack progresses
when the damage coalesces on those grain facets continuous with the crack.
The growth of the cavities in the damage zone generally causes displacements
that modify the stress field ahead of the crack (20] (cf. Fig. 4a). Determina-
tion of the crack growth rates thus rcquires solution of simultaneous relations
for the cavity growth rate (as determined by the resultant normal stress) and
the stresses (as dictated by the displacements induced by cavity growth). Such
calculations have been conducted for a iwous solid [13,20]. Then, when the
damage zone is large (such that damage growth is -clatively unconstrained)
the steady-state crack growoh rate has the form

Kfi(b6 ,.d = kT¢ "(.gV) (10)
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where A Is the spacing between cavities in the damage zone. Non-lincar
behavior would be obtained if ;./I were dependent on crack velocity. Zone
size efrects also emerge. and affect the linearity, whcn the zone size becomes
small (13].

Comparison or the above crack growth rate predictions with data has been
achieved by using independent measurements of A and of the damage zone
size obtained, on failed specimens (21] (Fig. 8). However. a full prcdictivi.
capability does not exist, because there is no fundamencrtal understanding or
the clfects of microstructure on ;. Nevertheless, certain important trends are
apparent. In particular, the Importance of the grain size, diffusivity and cavity
spacing appeair explicitly and have the expected Influzence on crack growth
rates. WVhen an amophous phase is present (20], the velocity increases by (/6,
as well as by the Increase In diffusivity (13 /Db).

3. Mfcnw48t Rmczuas
Various observations and predictions suggest that the direct extension and

damage mechanism have differing realms of dominance. Obserraions of
failed specimens (21] have revealed that cavitation damage exists an the
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rwc.. The fracture surface morphology aCCOMffinfg creep crack growth in A1O,. (a)
slow gro-Ath rates NZ 104 ins") indicating Oat:)on damagec. (b') rapid propagation
(d 3 10" ms') revealing festurclest grain boundary fsct.

fractum surface in the region of slow crack growth (Fig. 9a). By contrast,
rapid propagation is accompanied by a facetted fracture surface (Fig. 9b).
Such observations clearly suggtst the prevalence of damage mechanisms at
the lower crack velocities. Crack growth models predict similar featurcs (Fig.
3), because the direct cxtcnsion mechanisms have a larger n (Eq. (6)), owing
to additional velocity dependent parameters (notably, the crack width). This
separation of the regimes of relevance has significant implications for two
features of the fracture process: the crack growth threshold. K,b, and the
critical stress intensity factor, K4, as discussed in the subsequent sections.
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When intact ligaments remnAi behind the crack tip. they exert forces on the
crack surface that tend to rcliucc the tip K and thus diminish the creep crack
growth rate. The general trends can be conceived from a simplified analysis.
depicted in Fig. 5. based on observations byr Wicderhorn etit. (15,16]. The
intact regions exert tractions that depend on the sine, t. and viscosity, #I,. of
the ligament material. The corresponding opening rate of the crack surface is
governed by the viscosity q of the body and the resultant tip K. Hence. by
utilizing a Dugdale analysis, it can be readily demonstrated that the change in
K provided by the intact ligaments has the form.

AK - -. (eId1(q12  11Xq)'"K' I Ill.; i (I )

where d is the spacing between ligaments and A is a constant -." 0.1. Then. the
crack growth rate may be related to the applied K, by combining Eqs. (6) and
(II) within

K, - R + 1K .12)

to give the relation
Ka M.(. (,dK -2,1, K1, (13)

The ligaments thus introduce a complex dependence between crack growth
rate and stress intensity. Furthermore, strong effects on crack growth rate of
the viscosity of the ligament material and ligament sine and spacing arc
apparent. Ligament ef'ects may be of considerable importance in the near
threshold region and thus, some understanding or how ligaments form is
regarded as an important topic for future research.

B. The Threshold Stress Intensity

The considerations of the preceding sections reveal that the threshold
represents a process that intervenes while crack growth is occurring by a
damage mechanism (Fig. 3). It thus seems appropriate to regard the
threshold as a stress intensity level that inhibits the nucleation of damage in
the crack tip region [22]. For a viscoelastic solid, typical of most ceramics,
damage inhibition would require that the elastic stress on the first grain
boundary facet (as modified by grain boundary sliding, at the crack tip) be
less than a 'critical' stress for cavity nucleation. Indeed, considerations or
cavity nucleation rates (22] indicate that crack growth can be nulceation
limited (Fig. 10), resulting in a relatively abrupt decrease in the crack growth
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tctcaIling an1 abrupt cbange in behavior. at a 'thrsholj sres intensity. K",~

rate. A nucleation limited thrcshold thus seems plausible, with the threshold

occurring at a stress intensity

:ZipT F(O') 14a)

where, F( i) a .0120..13)t3 (2.3 cos 0 + cos' tp]J"3, or in the presence ofran
amorphous phase.

K'h -- Y-'11160(14b)

This predicted threshold is larger than values observed experimentally
(probably because of additional stresses induced by grain boundary sliding
transients) (22]. Nevertheless. general trends in K~b with grain size and
surface energy appear to be in accordance with the limited threshold data
available in the literature. Specifically, the threshold is apparently lower in
materials having a five grain size] and in the presence of an amorphous phase

I Ho~ecer, it is cautioned that theeffoct orgrain rie on viscotay Introduces some subjectivity
into the interpretation of gramn size trends.



712 0. 0. EVAt'S A D , 1. UALGOWI$I

that both reduces the surface energy pertinent to damage nucleation, and
allows an increase in the characteristic nuelcation dimension (JO replace.,
flU),

Comparison of Eq. (14) with Eq. (2) reveals the explicit influence on the
ductile.to.brittle transition or such parameters as the grain size, difrusi ity.
surface energy. dihedral angle. and amorphous phase content. In particular.
amorphous phases substantially reduce K, and thus encourage creep
brittleness C13,21). The major remaining uncertainty is the flow size, a. High
tempeature flaws are discussed in the following sections.

C. The Critical Stres Intensity

The preceding discussion of mechanism regimes suggests that unstable
crack growth by bond rupture is most likely to intervene while creep crack
growth is proceeding by a direct extcnsion mechanism. lHowevcr, the
criterion that dictates the transition is unknown. Furthermore, in most
ceramic materials, high temperature stable. slow crack growth may occur at
stress intensities substantiallyin excess of the ambient K,, as illustrated in
Fig. 3 1 6.24]. This phenomenon reflects the'blunt' charactcr of the crack tip,
during creep crack growth, as elucidated in Section lII.A.

Recognition that direct creep crack extension processes are accompanied
by a peak tensile stress. a at a distance x, ahead or the crack tip (Fig. 4a)
suggests two plausible criteria for the transition to brittle propagation. Either
a exceeds the stress needed to nucleatc a brittle crack at l, or . diminishes to
the atomic dimension. Both criteria give a peak stress intensity, R, in excess of
the ambient K, (Fig. 3). in qualitative accordance with the previously stated
measurements of creep crack growth. The quantity R would represent the
'critical stress intensity factor' measured using the usual fracture mechanics
techniques.

IV. HIGH TEMPRATURE FLAWS

Observations of fracture origins and of flaw initiation sites at high
temperature are less prevalent than those available at lower temperatures.
Nevertheless, present evidence (5,6] strongly infers that the predominant
high temperature flaws are generally different than the flaws that dominate
the ambient mechanical strength. In particular, flaws are frequently found to
originate at various chemical and microstructural heterogeneities (Fig. 11), as
summarized in Table 1. Such regions evolve into flaws, either because local
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>'( "" , Appled Ft1ed)

Kp (Loucl Field ",,.

fi. 2., Tfcndi in sIcti intcnsity %ith crack kth, incarpor tIni the locl (mriduAl) term
K,. xnd the pplied Iam. X. re-c.Ani$ the citscncc of 2 minimum K,. Civcp duCtily is
zuurtd when K. < K,,,

strain concentrations result from viscosity differentials, oxidation strains, etc.,
or because phases are formed that locally degrade the creep crack growth
rcsisance In either case, the zone of influence is typically of the order of the
heterogeneity size, fesulting in flaws that scale with the heterogeneity
diamctcr C6].

W4\hile tl," quantitativc understanding or high temperature flaws is lacking,
i: is deemed useful to present some results that have relevance to flaw
formation and initial growth. In particular, it is noted that stress concentra.
tion effects can be estimated from elastic solutions, by replacing the shear
moduli with the equivalent viscosities, Furthermore, it Is noted that the
important flaw problems usually involve two stress intensities: a localized
value, Ki, associated with the concentrated stress around the hctcrogtncity
and an applied value K. (cf. indentation fracture) [25]. Typically, these
stress Intensities have opposing trends with crack length, resulting in a
minimum, K. (Fig. 12). When this situation is obtained, creep ductility can
be assured, by requiring that K,. < Ki,,. Explicit expressions for creep
ductility can thereby be derived.
Of particular interest are planar, low viscosity faults (16]. Such faults,

when inclined to the imposed tension, cause the sliding of relatively large
'blocks' of material resulting in values of K. of order,

K. At r.4/d (iS)
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where r. is the shear stress along the fault Afid 2& tf tht length of the fault.
Hence. creep ductility is assured when,

i, FCI' (16)

This inequality constitutes a conscrvatlvc ductility criterion, because stress
relaxation by local mass transport reduces the stress at the ault tip and
eliminates the singularity (c,f. Fig. 4a). The maximum stre hen varies %ith
tlme t, aftcr the sliding event. as E23]

,-.[4(! - ,=T'I°"" "'"L' J(17)

Consequently, large values of the diflusivity and slow sliding rates can reduce
the local stress and may result in peak stresses less than the critical level
needed to nucleate flaws. Such efctts may be used. advantageously, to
encourage creep ductility.

Oxidation induced flaws have various manifestations, depending on the
nature or the heterogeneity having the greatest suseeptibifty to oxide
formation. The flaws may either form externally, as perturb:i*ons on the
sur ace oxide (26], or intcrnally. Such oxidation sites usually evolve into high
temperature flaws because or the resdual stresses associated with the
oxidation strain-rate. ( ). Crack formation at sites of local dilatation in a
viscous solid is accompanied by a residual stress intensity.

Ki : 3,. qb(.ra g) (18)

where b is the radius of the oxidation zone. Hence, by superimposing the
stress intensity associated with the design stress

K. :t (2/,fi )a',,a (19)

K. may be evaluated. Then, by setting K,, > K., the following creep
ductility criterion results,

> (20)

where 4 t 3. The trends associated with the important material parameters
(7,. ir , q. ) arc clearly prescribed by this result. In particular, a critical size of

oxidation prone detect can be defined, such that, ductility is assured if,

b" < 7./ / Fm) (21)
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V. CMAMIC COMPORiTE

A. Cillop 3Mw

Ceramic composites typically consist of a creep susceptible matrix~ and
creep reistant reinforcements (27]. For this cap,. the creep characitrtstks
depend on the relative dimensions of the whiskers and the grsans When the
whiskers ame meltively large and hqve a width. w $: 1 the matrix behaves as a
cwMMaw. Then. the imcady-stit creep rate of the composite has the mo.w
arrss ds'penrvesce ast the mat rix. but deviates from the matrix creetp rate by a
fixed multiple wi. that depends on the creep resistance, volume fractionand
shape o(the reinforcement. as well us the shear resisam of the interface For
a linearly viscous matrix. the magoitude ore; can he obtained from composite
elasit modulus solutions, by replAcing the shear modulus with the viscosity.
Typical trends are illustrated in Fig. 13 ror randomly or iented. rigid whitkers
(28] having a sh.tar resisrunr totrrfisce. Similar values of wo would obtain for.
M Z 2, typical of most ceramics.

When the W~erface has a relatively low viscosity compared with that of the
matr;x, the magnitude of w diminishes. Such behavior is expected to be
typical of many reinorced ceramics due to the tendency to form thin
amorphous phases at the interface (N)]. Sliding at the interfacet clearly
enhances the creep rate, by means ot a change in a). Howeve, sliding may

I0

305 8 . AIMIRollo, A

S42
a 0.1 02 03

Voluffl roction Wlhiokrs f
Wix 13 nI,,icid IN*&d fit cvwp rate With VOlum fracili o(lo stilmc ratio WhisCts
odint; to a contifuum model
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aIso induce %tress concentrations that result in creep damage and a conse-
quint acc clration of the creep rate. In particulir. the component of thc stress
resolved along th, major axis causes stress concentrations ut the tip of the
reinforcement, that may nucleate cavities. The reinforcement then becomes
partially inclTecturl as a creep inhibiter.

When the fiber width is small, w - /. a continuum description Is inappro.
pnate Then, the role of the whisker is to inhibit 3rain boundary sliding, as
sketched in Fig. 14. Sliding occurs at a rate dictated by the transport of
matter from one side of the whisker to the other, through the amorphous
interphase. Simple analysis Indicates that this process can be characterized by
a viscosity

kTwl2

Comparison of Eq. (22) with Eq. (I) reveals that, since w < t and D6 for the
amorphous phase is expected to be larger than that for the grain boundary.
small whiskers should not exert a significant Influence on the creep rate.

A comparison of the preceding predictions with creep data obtained for
AI10 reinforced with SiC whiskers reveals several features of interest (Fig.
15). In particular, the composite creep rate data have a different slope than
the matrix data and hence the results deviate from the continuum prediction
for a composite containing stiff, bonded whiskers. Another disparity between
experiment and theory is the relatively low creep rate achieved by the
composite, at low stresses. Such low creep rates (small w) arc not predicted
from composite theory. One explanation of the disparity is that the diffusivity
and grain boundary sliding rate arc affected by the chemical changes that



'I. W;A Trve n..m vtrtuy's, 719

not well understood. Further unocritanding o(this phnow"mOn should thus
bI a pitonly ror urt rebirch on high tcm ralut reidlAblity.

Modeh orctrep crack gIovth hae limitcd applcablaty bcawu, in most
cast. the ma rial rctponse convdcrtd in the models does not coinck with
the behAtor of typical ceramic polycqritls. A substantial need thus exts fot
the dctklopmen o(modkls that Incorporate both the visoclstic character of
the ceamic and sp fc mic sto uctural ecents (such as localized grain
boundary sidino).

High empuutur flaws in ceramics, In many Instances, diekr from the
flaws thaI control briule flum at ambiftt itmlrpaturs Sow uidentand-
ing of these flaws is beginning to emerge. However.a systematic allempi
should be mad to locate and analyze the flawi having the major Influence on
creep tuptUre. In the creep iilk rainl

Finally. it is noted that certain ceramic composites have interesting high
temperature chtracterisucs. such as creep and creep rupure resis$nce. Litlk
is known about thes m~ucrtils, suggesting the need for systema c Investlla-
lion.
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Arittl*toDuctill Transition In Silicon Carbider

comsmerical sMlion carbides are p m e wnA obination of in a threshold stress Intensity. Ko.

*eqetial creep tpv testing has beta carried out and mulation. For AI:Os. r~ilure in this dsmatc-contrullcid retinic '
seasnag tketrom microscopy used to obseve creep-crack has been shown to occur by the growth and coalescence of shcar
propapnteft sod daMAe de4vepm m. ?Ase theory for stress bands that nucleate a large microttractural and chemical hcto-
(holi mad cmep raw a. oad a crack tip ks reate to lb. ob. geneitles within the material.'*' However. when such damage
serve behtletidc* i mit las I% these materialis. Anallogy mechanism% are suppressed, by having sup~tior micmisructural
with the bdcttletodestil trasolo: An stiel Is made asd used and chemical homogenecity. recent research on ZaO2? (TZP) and *

I* isterpre The prow ai t rslosts. lKety wordw. sAMM car. At.OilZrO3 composites'-'-" Indicatcs that the materia then be-
blie, ymeehauk praparIts, crep, sakrostuctiar, awscits comes supuirplattic.

The abrupt change In rupture behavior around the blunting
1. Inrodutionthreshold can be regarded as a transition rimm creep brittleness to

creep ductility. The rupture characteristics thereby exhibit aT lchgh-itriperaturc failure of ceramics hat betn shown to strain.rate-depcndenx transition temperature. Ti. Below Ti. the
inavol've two predominant rlimics: rupture at high stress material fails at small strains, by crack growth fromo prexisting

occurrng by the "xtension of preexisting cracks and Iow-.srress flaws. Above Ti. creep ductility obtains with failure proceeding
fracture that occur by damage accumulation I(Fig. 1). The trsnsi- by damage mechanisms.
tion between regimes coincides with a relatively abrupt change in The intent Of the present research IS to examine aspets Or the
tuptuire strain (Fig. 1) and Is accompanied by the creep blunting brittletio-ductile transition for two SIC maicrials. as needed to fur.
of preexisting flaws.1 Som aspects of the blunting transition tr understand ths important phenomenon. Some prior research
have been studied for various A110."* SIC."~ and Si)H.'" mate. on sic"~ has provided idie evidence Ge a blunting threshold
dais. However. preoes understanding of this vitally Important that varies with tempe.Vur, microstracture. a&d environment.
aspect of creep ruptmr Is still speculative. The prievaletA specula- This research has also suggested that both doe thireshod an the
tiost ts that blunting occurs when the stress Wn displacement field creep-crack growth rate above the threshold ame dominated by the
ahead of the crack reduces below a threshold value, at which the presence and the characteristics of amorphous grain-boundary
nucletion of a craek-tlp damage zone (iLe.. cavities at Srain phases that either Preexist, or are formed by exposure to oxidizing

environments. specifically, low viscosity and low surface: energy
amorphous phase% accelerate the crack growth and reduce the

k.T. rAbv-w*w% "wlm relative blunting threshold. K/Kf,. as also establishedl for various
AljO1

1" and MI)N," maiterials. The present research is thus per-
formed In an inert erVironmert in an attempt to preserve the ii

lM4%W:%a*p Nc. MM2s. R~vci~ I~w~. t. 1911: r a poebs o20 tia phase characteristics during testing.
trWa. nrs omcSiy An Important constituent of the current research is the thor-

M CO.h. AmmcW. MA.k ough charoteriztlon of the materials and the direc observation
'Seat bEi'..a tM.IaI4 Co.. N4 ,'Ait.. y of crack blunting and of damage. These aspects of the research

are presented first. followed by meaisurements of mechanical be-
havior and then Interpretation of the bnrttle-to-ductile transition.

0L~. 11. Experimental hrocedure
(5V~5U~taw51One silicon carbide' was manufactured"i by mixing a fine.

lK~, high-purity silicon carbide powder with 0.5 to 5 wt% aluminum
A In a ball mill, using cobalt-bonded tungsten carbide grindir.;

a rI45MO media, and hot-pressed at 2075*C and 18 MPs. The other ma-
terial' was sintered at-SiC containing boron and excs; carbon as

Varnag' ow"sinterins aids."
~ "'~The surfaces subject to examination were first intchanically

polished. The polishing procedure began with 1S-~Am diamond
______________________paste on glass, reduced to 9 j~m and then 6 lm, the latter on a

Log (ailw*rime)lapping wheel. Polishing was completed with I-pmr diamond
L~g Failre 7,nelpaste on a vibration polisher. Several ipecimens were thermally

Fig. 1. Schemitic of stres Versus failure time for alu- treated to highlight grain boundaries prior to examination. Trent-
mina at high temperature indicating crack growth and ments were conducted under vacuum or in an argon atmosphecre.
crep-damage-ccntroled regimeis of failure and associtd Temperatures ranged from 1300' to 1600'C and times from I5 to
blunting thitsholdl.' 45 min.

1402
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Cheimicaluanlysis wcSpedfon.u lo dltrminethetotal boro,
silk-on. carbon. a&W oxygen contents. For boron analysis. san- (A)
pies were crushed and the boron leached out into an acid solu.
tion. This solution was then plasmna-heated and the photon
intensities, characteristic of boron 'kenintd. The silicon content
was determined by fusing. Thc resultant glass was dissolved in a
hydrochloric acid solution and the silicon evulusied using atomic
absorptio. The carbon content was deerminedl by (using with an
oxidant to evolve carbon dioxide. The carbon dioxide content
was then analyzed using a coulometer and a carbonate standard.
Finally. thc oxygoen content was determiined by neutron activation
analysis. Other impurities wcre identfied using semiquantitativc
spectroscopic procedures.

A microprobe was used to determine the composition of stc-
ond-phast. impurities (mm X-ray spectra and maps. The scanning
electron microscope (S.%I) was used to obtain information about
porosity and carbon inclusions; the former on uncoated. meehai.
cally polished surAes and the latte on gold-cositd fracture sur-
faces. Transmission electron microscopy (TEM) was used to
examine grain-bounduty phases, employing both light- and dark-10 ifield techniques. Electron energy loss spectroscopy also identi-
fied the pincipal second phse.
(2) Wkrwm~wturt

(A) Ha.e-fssed Silicon Carbide: Specimens having a light
ther.-ndi whc *bserved in the optical microscope revealed a grain
size of abcua , .5 gim. The chemical analysis tTable 1) indicated
appreclabIrc oxygen. aluminum, tungsten, and cobalt. The tung. 60
sien and et+alt were presumably introduced by the cobalt-bonded
tungsten carbide grinding media used to mix the initial powders. (B)
Microprobe analysis confirmed appreciable quantities of second Gespilli K Eoe
phases. backsacered electron images and related X-ray spectra
Identified silicides having variable comsposition. Some of these f4
are tungsten silicide while others ame a mixture of tungsten. b I
cobalt, and iron suicides. Attempts to Image a gtrain-boundary ?

phase In tie TEM were unsuccessful. indicating that amorphous
phases, If present, must be less shan -0.5 rn in width.

(8) Sintered Silicon Carbide: Optical observations of ther- 2O
mally etched specimens revealed a grain size of about 10 Asm.
Chemical analysis (Tablc 1) Indicated few Impurities. However.
residual carb~on is Implied. Specifically, by assuming that all the
silicon and borna present are in the form of carbides. the residual
carbon content can be estimated at 0.8 wt%. This estimate is con-
firned by TEM. which reveals graphite inclusions (Fig. 2(A)). ENERGY LOSS leVil
The graphlsic structure Is confirmed by the near-edge fine struc-
sure of the electron energy loss spectrum (Fig. 2(B)). The graph-
ite is also well delineated on fracture faces (Fig. 2(CQ).
(3) Teqhsmu Meatuaresus

Four-point flexure beams (3 by 3 by 30 mm) were indented
on the tensile surface, with a 200-H Knoop, indent. such that the 1C
long axis of the indenter was oriented perpendicular to the
applied stress axis. The Indent created a semicircular crack hav-
ing 125- to ISO.g~m radius. The residual stress was removed by
surface polishing. The edges of the tensile surface were also bev-
eled to remove flaws that might cause premature failure.

Tal 1. Material Composition
mbuwih Maior tmpwits

tquaaitlve cwvwtwiio) tiemlqljafIhlitiv

Hot-pressed SiC 1.50 wt% Al
29.84 t% C 2.50 wt% W
64.89 wt% Si 0.10 wt% Co
50 ppmnB 0.10 wt% Fe

1.70 wt% 0 0'5m
Sintered a-Sic 0. 18 wt% Al

30.50 wt% C 0.07 wt% Ca Fig. 2. (A) Transmission election micrgraph of sintered silicon carbide
69.40 wt% Si 0.06 wt% Cu showing graphite Inclusion. (B) Electron energy toss spectrum from

0.5wB0. 16 wt% Fe inclusion with graphitic structure confirmed by near-edge fine struc-
0.15 t% Bture. (C) Scanning election micrograph of fracture surface with graphite0.23 wt% 0 inclusion.
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TAbk IL Fradwe Tousbm asa Foacie of Tumswittire

bW"d $C peiw" TI
RIO 2.7 3.9Ac

1400 2.8
1500 2.7 2.7
1600 2.7 2.4
1700 2.9 216
1800 2.7 o ' m

Thc fracture touihaess was determined as a function of Fig 3. Schemratic strtsi-sitxin curve for tests UWd to evaluate creep
temperature by using Indented beams tettd at a strain rate or dimage. The sudden increase In strain rate at a certain level of strain
6 X l0" C'. The Initial flaw size due to the indent was mess. ca~ the )Kirma to (roaactr v OWI'IU 4.S?

unda the fnxtm sueface In the SEM afte tesing. The critical
Mstre irty (acto Wa desesMIne USI the taIatli

conclusion of seuentia testing the beams were fractured either
wtsm WIs defrunn rsowsad a s law radiuas. by testig: rapidly to failure (Fig. 3) or by cooling under stress

The reults (Table 11) show that the sitred material has a tern. to moom temperature and then loading to failure. The material
pecraturc-Insnsttive toughness. Thc hos.pressd material has a diretly in front of the crack tipwAcA then cxamincd for damage tn
s.omewhat higher roomn-itrmpcrature toughness. but the toughness the SEM and a nominal toughness ascenasned.
diminishes att higher temperature to a levcl comparable to tha: of The testing rcvas:lcd an Abrupt transition from brittle to ducttle
the sinited material. bchavkor tFiS. 4) such that. in the ductile region, thec strain on the
(4) D#JorwaP4im~ M~ar~o tensile surface exceeded 10% without failure. Extensive creep

Creep tests were performed at 1600 to 1110T' in an argon a( ductility in SIC has also beent noted in a previous study.' ' At
MOSphere and At constant displacement rates Of 10" to 10" rn/S strain rates of - 10" s". the transition for the ho(.pessd rna*
and the "steayitate creep peopeties characterized by teal occurred between 1650 and 17001C. and (or the sinitred

material it occurred between 1750' and 11100TC. In the: ductile
k.a(2) range, the creep exponent of the l'.opressed silicon carbide was

-*hee i, I th stainme wuthestrss n sead tie. Is 2.3, and that for the sintered silicon carbide was 1.7. Thest
(heree cqmw &s kh4tri rt ando, am nthe nts in steady stawt1 values are In the range expected for supetplikstlc behavior."
tesso Cthe CwOl~ suac w da eulmc C nl*t.TeUa)5te consisten with the extensive ducility obierfed above the tranil.

stres onthe ensle srfac wasestmate usig(ion tempeamure.
3(L. - l)P,, (2 + 1l(3 Above the transition temperature. pretcracks In the sintered
- " - (jL ' 1 (3 material exhibited blunting and opening withot growth (Fig. 5).

such that the crack-tip opening b increased subsantially with
where L Is the outer span In four-point bending, I is the Inner strain (Fig. 6). The blunting exhibits a functioa dependence on
span, P., is the steady-state load, b Is the thickness. Wn h Is the sin (wee Eq. (12a)): b/a - 4" (Fig. 7). Furthermore, damage
height. The use of Eq. (3) Is Justified by the absence of nwkie. Is evident in the vicinity of the blunt tip in the form of cavities
able creep damage (see Fig. 8) and, hence, of obvious asym. that seemingly Initiated at graphite Inclusions (Fig. 8). These
metry In creep between tension and compression. Sequential cavities are typically I An In diameter, essentially independent
testing was used In some cases, with SEM examinatiovis con. of the creep strain. In the hrx pressed material, somne slow crack
ducted between each Iteration. The evolution of damage va the growth occurred. Appreciable damage was also detected In a
behavior of Indentation flaws could thereby be established. An the crack-tip zone (Fig. 9) consisting of kenticular-shaped facet cav-

(A) Sinted ct- SIC (B Ht.Presed SIC

C -j

C E

Fig. 4. Represntative strres-strain curves illustrating the change in behavior of boths materials over a small temperature
range: (A) sintered. (B) hot.Fressed.
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kin typial o( tlios apW&a dusring crep-cnk g'.v9I. The *here C* is the loading parat"c4r. r Is the kvanar~ !,MV
Wnidaie of slow crack growth cawsd the crack profile to evolve crack tip, and I and dj are niondime.,sionAl c ltctco($ 00,04110
with complex geometry. sand thus blunting meaawvvemewes, cosipe. by Hutchinstin.14 Then, by noting thei. , or a suif.it; c.,AcY'
rable to dce obtalaid for the sinmWu mettedal (Fig. 6) could not
be obtained. Conscluenitly, the study of b'unting effects is rc- C* - W~ksnA,
stricted to the niasmeants obtained on the sintced matedal. %%here h, Is a constant. Eq. (4) become~s

Specimens of the sintecd mnaterial tested at r temperature
after exposure to steady-state conditions at high temperatue to
cam cckbluntinggawenominal foulinesses X, larger than the oQ .. r 71,
sharp-crack toughness (Table 1:1). Spieirrens tcstcd rapidly to A h rc i.butn cus n h .rjr a.i' e
failure it temperlatr after uteady-state Creep also &aVe A fell- Atedbo the ap luntn ocrsdt y. (6) Ah i per.ts 'U'5 lo-0 re"
tivitly high nominal toughniess. Funhecrmr. the toughness sys- duc bevlsow to vau timte b y oEqe. the. pewk "Ims 4X -tAntgl
trviatically iocrased withi incra in crep grain amd. hence. 31nflues by te2 shapc &N f the blntn ak sp So cntic s l
crack-tip opeings, b (Table 11L).urcdb h haeo h lnigcac i.Sncsltz

1ll. Same Dole MacbasIcs
Susdwq cracks In a body subitict to steady-stat crep sew-f

wte displacerent and stI fielik directly analogous to the comr-(A
sponding nonlinear hsrdening solutions," The crack-tip stresses (A
outside the blunting region in plane strain have the singular row"'

of
tnt i.Ir"'3 ONb

M, %j

;aMOT

Fig. 6. Crack tip in sintered mat:ra tested above the transition
RI. . Scanning electron micrograp of indentation crack in temperature exhibiting blunting and opening with no propagation:
sintered rzatesiai tested above the transition temperature. (A) a . 3.5%. (B) c - 6%. (C) c - 8.5%.
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Ic When specinwi wit bfra cocks am either lWaded raPWdY go
faflum. at elevated temperaswm or Neald to Malum A5 )ow elt

14 -lte.t a (wowhe CIA*&i sum coqocto"Iafto S develops at the crack
12 ~tip give.t byll

712S a UI + 2aMb).1 (13)
%here a It the incremnefta applied Mtru upon dhik loading.

bI~u~~2..\The brittlc-to-ductilc transition Involves 10ocal cOmPtIltiOn

4 - between flew and fracture. Flow at elevated temperature is
2-

0.03 0.04 005 0 0 00? 0.0 00 (A)
Strain Tensile surface

.1-7 Cractp opniq &a A factiQon o 'J8 (or tis shWete

s~tco~ u~Ide.Original ,

indentri 1,-I
crock , Brittle crack

for stdj'.imiWi shines arm frst summanied, followed by approxi-
mate results that may apply when the blunting morphology /.
changes (Fit. 6).

When the material ahead of the crack can be represented by a
continuum constitutive law, tim following expressions obaint:A

0 .5Sc-/Wl (7b)
where CIs a function of the creep exponent only, 6is the
peak value of cr,,, and ar is the flow stress at a strain rate orV
IM( + 1). Insetting C frorn Eq. (S) Into Eq. (7b) then gives.
for steady slute

b/a - 0.SSA.(n + l"k', 8
where c, Is she Imposed creep strain. The crack opening is thus
prediced to vary linearly with strain. This prediction Is at vAn. 4

&ne with mesurmenti (Fig. 7). The disparity arises because
the erack-tip blunting does not develop with a self-Mil shape.
probably because of discrete pra!n-slze effects thi obtain at small
b (Fig. 6). When self-slmitarity Is violated, the coefficient ( in
Eq. (7) -Ahibits an additional dependence on b01 Explicit results___
for f are unavailable. Consequently, for present purposes. a .43P
simple asspi~nton Is made and jutiffied by comparison with
experimental results. Specifically, it is assumed that the peakt (B
stress develops at r - 2b. for all b. Then Eq. (6) gives

6-q. (ha21b)1 ' 1 6,, (9)

which (or the present materials2' (n - 2, h, - 1.4. 1 -5.8.
I., l1.) gives

&r/a7. 0.89(a/b)", (10)

Consequently, this assumption predicts that the peaks stress dimln-
IsA vs upon blunting. An analogous expression for the blunting
rate Is derived by also allowing the blunting to scale with the
peask stress

6 - AC-I&0 1I)

where A is a nondimensional coefficient of order unity. Hence.
inserting & from Eq. (10) and C* from Eq. (5). gives (n - 2)

b/a - MAe" (2

such that
_ Fig. L. (A) Scanning electso micrograph and tchemaic illustration of

& (0.7/A')cc"J M
2  (12b) a sinttued SIC fracture face of a bend beam deformed at a temperature

above the scasisition and then fractured at room temperature. (B) Creep
The nonlinear dependence of b on e3 conforms well with experi- darnage void nucleated at a graphite Inclusion near the blunt Indenta.
ment (Fig. 7). tion crack.
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TAkl RU. NeinImI Teughaus or S1041re04 sic Afier CMPe a., < r (IS)
I~ili IS hid A. t.4Pam") To further exaine this premise. the crack-tip stress a( fracture

iT# 6.0 0.067 5.5 can be calculated for the tests depleted In Fig. .4 by summing
2500 2.9 0.0)0 .4,0 Eqs. (10) and (13):
1I00 6.0 0.067 4,9 a, " 0.89(alb)"'T" + (I + 24/b).lo (16)

governed by creep. while fracture involves pmps13tion of an Ini. T'hen, upon equating , to a,, the radius of the flaws In the dam-
ilal crack. A transition Would be expected when the flow Strms$ age zone c cc be calculated. The results for the sinteted material
becomes smaller than the fracture stress. The moit enttcul region (Table IV) yield a COnstanit value. c - I gm, Funthermore. this
is clearly within the crsck-ttp field. Further discussion thus In. value of c agrees well with measurcd values tFig. 8). The results
volves consideration of the competing deformation and frature art thus consistent with the proposed cnitcrion for brittle fracture
procses near the cra-k tip. after creep bluntingi.

PrediCtion Of trends in the bWidei fracue Stress With Win.pera. With this background. it is now posiolc to address the dunta.
rule requires twa the optrative fracture niechanism fit the pes. Ity traiidon. Ultimately. this will require knowledge of the size
ewace of a blunt crack be established. Analysis or the fracture tests distribution or the crack-tip damage In conjunction with a
on ciracks subjected to creep blunting provides pertinent informs- *eskeit-litik statistical analysis within the crack-tip ficid.' With.
tion. In this regard. t1-,n'.wItors from brittle to ductile behavior out this knowledge, an elementary transition criterson for con.
seem to hays, si salogies wiuth the coreesponditig tranition stant displacement rate testing may be based on Eq. (I12b). % hich
in stcisM except that the rate dependence is stronger. The basic Implies that the peak stes decreases au the sin increases, due.
behsvcw is schematically Illustratcd in Fg. 10. At lower tempera- in; steady state, Consequently, creep sishibits fracture tat least
tures. the crack remains sharp and the toughness ts insensitive to Ahen the damagc site. c, is Atanisnstv) hereupon ductil.
temperature. The onset of significant crack-tap creep duin lod ity objtains as soon as tip blunting tnitiates. Convetsely, for ma*
ing initiates tip blunting and changes the brittle fracture mecha. tcdttal in Ahich the size of the flaws In the damage zorm increases
nism to one Involving initiation ahead of the crack, at small upon blunting. bnttle fracture can occur during creep.
microstructural flaws (Fig. 10), The fracture is then governed by
the interaction of the crack-tip field with the population of flaws.
such that the toughness varies strongly with temperature and V. Coaeluuiorc-
strain rate and Is microstructurt-sensitive.r In the absence of a Silicon carbide exhibits a transition from creep brittleness to
creep-damage mechanism In the material, a tranitio to, super- creep ductility. Below the transition temperature, the material
plasticity should occur when the peak stress In the crack-tip zone fails by bcittle crack extensons. Above the transition temperature.
becomes less than the stress needed to activate the largest ItktO* the material Is superplatstic and can withstand strains In excess of
structural flaw.

The activation of flaws In the crack-tip zone is assumed to be 10%. Cracks In sintered silicon carbide open and blunt with dam-
govenedby E. (), rexpesse Inthe ormage around the crack tip characterized by cavities opening at
govenedby E. (), rexpesse inthe ormgraphite inclusions. Cracks In the hot.pressed material open, stay

- (24 sharp. and propagate at a very slow rate accompanied by cavitya, .2Vc formation on grain facts In front of the crack tip.
The brittle fracture stress at rapid strain rates Is temperature-

where a, Is the critkI stress that must be exceeded in the crack- insensitive. However, the onset of blunting is stron~iy dependent
tip zone to cause brittle fracture and c is the radius of the flaws In on strain rate and temperature. When the crack blunts, the stress
the damge zone. The ductility requirement Is then simply field around its tip is reduced and impedes brittle fracture.

Blunt Crack
Toughness

creep Oamase E

Sharp Crack ftansi oi1Toughness Tep Iatt~n

Temperature

Fig. 9. Scamringl electro micrograsph of lenticular cavities formed in Fig. JO. Schematic representation of the competition between
the egin cose o te tp o an ndetaton cack~ ~ SIC flow andl fracture to produce a transition temperature. with a

thicregwan cloe to 10 taaoethe tiofa nnticraItin teerturesnd Subse schematic of fracture Initiated by creep damage. The strainwhic wa crpt o 1% stainaboe te tsiton tmpeatue & suse- rate k arrows Indicate the direction in which the flow and fail.quently fractured at room tepraue ure curves shift as the strain rate is increased.
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ABSTRACT

Fracture toughness and tension tests were porormed on two

aluminum alloy matrices, 2014-0 and 2024-0, reinforced with

alumina particulates of different volumet fractions and

particulate sizes. The results indicated that thq yield strongth

increased with decreasing particle spacing. The fracture

toughness increased with increasing particle spacing provided

that the particle size Was less than a limiting value, above

which unstable crack growth occurred and the toughness lowered.

Although these compositea txhibited limited ductility on a

macroscopic scale, fractography revealed that fracture occurred

by a locally ductile mechanism.
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I. XWTROOUCTION

Most research in alumLnum-matrix composites has oen directed

toward development of high performwance continuous fiber-

rqi.forced composites, with high sprciflc strengths and elistJh

moduli, for specialized aerospace appltcatinns (I). Such

composites, in spite of their unique properties are not cost

effectIve for most applications because of the hLgh costs of

reinforcements, fabrication and secondary processing. This has

led, in -ecent years, to the development of the relatively less

expensive particulate-reinforced aluminum-matrix composites for

potential use in certain aarospace applications where the very

high directional properties available with continuous fiber-

reinforced composites may not be required. Currently, moderate

):nowledge exists regarding the tensile properties of particulate-

reinforced aluminum-matrix composites but not much is known about

their fracture behavior.

The principal objectives of this current investigation were

to determine how the microstructural parameters, such as the

volume fraction of the particulate and the particulat2 size,

affect the tensile properties and fracture toughness and to shed

more light on the failure mechanisms operative in such composites

so as to aid in the correlation of microstructure and properties

for such materials.
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2. UPBRINCUTAL PROCNDURZS

The materials chosen" for study in this investigation were two

aluminum alloy matrices, 2014-0 and 2024-0, reinforced with

4lumina particulates of different sizes and volume fractions. The

starting materials, in the form of 4 mm thick, 76 mm diameter

disks, are listed in Tabl% 1. The nominal compositions of the

matrices (2J are as follows:

2014 : 4.4 wt. % Cu, 0.8 wr.. S1, 0.8 wt. % Mn, 0.4 wt. I Mg,

balance AL.

2024 : 4.5 wz. t Cu, 1.5 wt. % Si, 0.6 wt. I Mn, balance Al.

These composites were fubricated by means of a slurry canting

technique, the details of which are described in ref. 2. The

composites contain a nominally homogeneous distr!bution of .

alumina particulates with the surrounding matrix being void free.

The com.posites also have excellent bonding between the alumina

particulates and the aluminum alloy matrices (2]. The bonding is

postulated to be associated with the formation of MgAl 204 and

CuA1204 spinel particles at the interface (2). Interface

interactions between alumina and aluminum alloy matrices during

fabrication of composites using mechanical agitation have been

previously investigated and discussed (3,4].

Tension and mode I fracture toughness tests were performed on

these materials in the 0 condition to produce a soft matrix. The

tension test specimen design used in this investigation is shown

in figure 1. It does not satisfy the ASTM E-8 [5) requirements

for a standard sheet specimen for tensivii testing a quge sectiorn
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width of 3.18 mm because the as-received material was too small.

Two specimens were tested for each composite listed in table l'by

means of a MTS servohydraulic testing system. The tests were

performed at a constant cross-head speed of 10 jim/s. The load and

the cross-head displacements were recorded by means of a X-Y

recorder. The effects of the machine compliance were included in

the data analysis.

The pure mode I fracture toughness test specimen design is

shown in figure 2. It is based on the standard compact tenslon

specimen design recommended by ASTM £-399 (6). The w/B ratio is

6.4, which does not correspond to the recommended 2 S w/B 1 4,

but is an acceptable alternative when the thickness of the as-

received material is small. Most of the compact tension specimens

had sharp crack tips of 4 pm radius produced by means of electron

discharge machining (5DM). Tests on specimens with pro-cracks

produced by fatigue, a difficult process for the composites, gave

equivalent values for KI(. Thus, the EDM notches are smaller than

the process zone size and the simpler 5DM notches were used. The

specimens were tested on a MTS servohydraulic testing machine at

a constant cross-head speed of 10 gm/s. The load and the

displacements parallel to the load line were recorded. All the

broken tension and compact tension specimens were then examined

under the SEM. Some fractured specimens were sectioned in a plane

perpendicular to the crack plane to examine the material just

underneath the fracture surface and to determine the extent of

subsurface micro-cracking.



3. RESULTS

3.1. TensiLe Tests

A representative true stress versus true strain plot obtained

from a tension test is shown in figure 3. The 0.2 percent offset

yield strength oy, the ultimate tensile strength ou and the

strain to failure Ef were calculated from this plot and the

calculated values of the tensile properties are listed in table

2. Each value listed is an average of two readings, with a mean

deviation for all tests of 2.2 ,ercent, 1.5 percent and 4.7

percent for the yield strength, the ultimate tensile strength,

and strain to failure, respectively.

The volume fraction of alumin& particulates was found to have

a significant effect on the tensile properties of both the 2014-0

and the 2024-0 aluminum alloy matrix composites. This is

illustrated in figures 4 and 5 which show the variation of 0.2

percent offset yield strength and strain to failure with volume

fraction of alumina, respectively, for a constant particulate

size. The ultimate tensile strength varied in a manner similar to

that in figure 4. A single one of these graphs, with two or 'three

data points, would be inadequate to draw even a trend line:

however since the data trends are monotonic in the same sense for

all graphs, they are presented as a guide to the trends. The

yield and the ultimate tensile strenigths of the composites

increase whereas the strain to failure decreases as the volume

fraction of alumina increases, for a constant parti.culate size.
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Figures 4 and 5 also show that, for a constant particulate size

and volume fraction of alumina, composites with 2014-0 as the

matrix exhibit higher yield and ultimate tensile strengths but

lower strains to failure as compared to composites with 2024-0 as

the matrix; trends consistent with properties of thoso alloys in

in the 0 condition without any dispersoids (7]. This implies that

along with the reinforcemant content, the matrix composition also

plays a significant role in controlling the tensile properties of

such composites.

The alumina particulate size also had a significant effect On

the tensile properties of both the 2014 and 2024 alloy matrix

composites. As shown in Table 2, for a constant volume fraction

of alumina, the 0.2 percent offset yield strength, ultimate

tensile strength and strain to failure all decreased with an

increase in particulate size for both the matrices.

3.2. Fracture Toughness

The mode I stress intensity factor analysis was performed

according to ASTM E-399 (6]. A representative load versus load

line displacement plot is shown in figure 6. PQ was chosen to be

the load where the initial drop in the load occurred as

illustrated in figure 6 and KIQ was calculated by means of the

following relationship :

K PO 1j2 f(a/w) (1)IQ B w

The calculated values of K are listed in Table 2. Each value

listed is an average of two realjings. The average spread of th,



7

two values was 1.5 percent. For most cases KIQ satisfies the

condition for the applicability of linear elastic fracture

mechanics (LEFM), that is

a, w-a k 2.5 (KIQ/af)2  (2)

but does not satisfy the condition for plane strain, that is

B a 2.5 (KIQ/Of)2  (3)

where of - (ay + ou)/2, the coefficient for the present case

being 0.45 instead of 2.5. Thus the K,, values obtained here aL

meaningful fracture toughness parameters, but not formally valid

plane strain fracture toughnesses.

The influence of volume fraction of alumina on the

conditional mode I fracture toughness (KIQ) is shown in figure 7.

For a constant particulate size, KIQ decreases with increasing

volume fraction of alumina. Figure 7 also shows that, for a

constant alumina particulate size and volume fraction, 2014-0

alloy matrix composites have a lower KIQ than 2024-0 alloy matrix

composites. This implies that the matrix composition also plays a

significant role in controlling the fracture toughness along with

the reinforcement content.

The conditional mode I fracture toughness increases with

increasing particulate size, for a constant volume fraction, as

listed in Table 2. This is in contrast to the behavior exhibited

by the tensile properties. A similar contrast in behavior between

the tensile properties and fracture toughness has also been

reported by Stephens et al [8] for cast AI-7Si composites

reinforced with either silicon carbide or boron carbide

particulates.
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3.3. Fractography

Although these composites exhibited limited ductility on a

macroscopic scale, SEH fractography revealed that the fracture

occurred by a locally ductile mechdnism. The tension and the

compact tension specimens essentially exhibited similar general

features under the SEM. A few representative fractographs are

shown in figure 8. The fracture surfaces essentially consisted of

a bimodal distribution of flat dimples of the order of 5-50 pm inl

size associated with the alumina particles and small dimples,

less than 1 pm in size, associated with the ductile failure of

the aluminum alloy matrix, analogous to the observations of You

et al (91. In most cases the large dimples contained alumina

particles and were of the same approximate size as the particles

responsible for their formation. The observation of stereo pairs

revealed the dimples to be shallow, which is consistent with the

low plasticity levels exhibited by these composites. Also the

observation of stereo pairs of particle surfaces at high

magnification essent!,ally showed smooth planar particle surfaces

for about 90 percent of the particles, which, together with the

observation of such particles in about 95 percent of the dimples,

indicates that this portion of the particles were cut rather than

decohered. Since the thickness of the spinel layer at the

interface is minimized for the present heat treatment [2], the

observi'tion of particle fracture for the majority of particles is

consistent with recent observations of alumina fracture for thin

spinel layers at a planar bimaterial alumina/aluminum coupto
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[10). The other 10 percent of the particles appeared to have

fractured in the matrix near the interface as in the earlier work

(101 with thicker layers and as observed by You et al [9). A few

secondary branches of the crack were observed on the fracture

surface for all the composites and they were confirmed by cross-

sectional views of the region adjacent to the fracture surface.

4. DISCUSSION

4.1. Strength

Models for hardening of composite systems include the shear

lag model (111 and a dislocation model related to plastic strain

introduced near particles by mismatch in thermal expansion

coefficients (12). The former model would lead to a flow stress,

for spherical particles, of the form (13):

a a y (1 + 0.48f) (4)

independent of microstructural parameters. The second model would

be related to a dispersion-hardening type model, with plastic

incompatibility, expressible for example by the Ashby

geometrically necessary dislocation concept (14], leading to

excess dislocations in the near-particle region. The plastic

deformation induced dislocations would become dominant when the

plastic strain exceeded the thermal misma.ch strain and the two

effects would act in parallel, so they are lumped together.
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For fine particles and spacing, the incompatibility/

dislocation approach would lead to an Orowan-type relation of

stress to both particle size and particle spacing (14-18).

However, for the relatively larger particle size and spacing in

the present work, the single dislocation, Orowan-type hardening

would be completely negligible. On the basis of experimental

observations, for example those of Humphreys and Hirsch (191, we

suggest the following alternative. At small strains, dislocation

tangles form around the particles, because of plastic

incompatibility, and eventually link up creating a dislocation

cell structure with the cell size d linked to the particle

spacing X. Together with the universally observed scaling of the

flow stress with (l/d) [20], this would lead to a flow stress

a - a(g b/X) (5)

Figure 9 represents a plot of the 0.2 petrcent offset yield

strength normalized by the matrix yield strength as a function of

f for all the material. As can be seen, a roughly linear

correlation of strength and f could be made for the 5 pm diameter

particles, but the data for the larger particles fall well off

such a line. Moreover, the magnitude of the hardening in all

cases is larger than expected from equation (4). Figure 10

presents a plot of the normalized yield strength as a function of

inverse particle spacing. As indicated, the fit to such a

relation is good. We interpret the fit as consistent with the

dislocation model described above. A conceivable alternative is

that shear bands, resembling mode II cracks, are pinned by

particles giving an Orowan-type effect with resistance assocLated
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with the elastic energy of the bowed shear band, analogous to the

mode I results of Rice (21].

The correlation of yield strength with particle spacing does

not mean that the shear lag is absent. The work hardening rate of

chn particulate composite would decrease at the point, presumably

near the yield strength because of the high stress level, where

the natural matrix cell si%e becomes became smaller than the

particulate pinned size, say at E in figure 11. The subsequent

flow behavior of the composite oc(e - E,) should map with thwe

matrix flow behavior Om(e - E2 ) past an equivalent cell size.

The value of Oc(El) - 0,(E2) should then represent the shear lag

contribution to hardening at 61 . Further experiments are planned

to test this hypothesis.

4.2. Fracture

The trends in KIQ values with X, together with the

tractographic observations, suggest that the toughness is limited

by particle spacing in the manner first suggested by Rice and

Johnson (22]. All particles are considered to crack or decohere

ahead of the major crack tip and at a small local strain value.

The region of intense plastic flow is limited to a volume of

width X as illustrated in figure 12. This model would give a

value for the energy release rate JIc = Of X and would imply that

JIC ,,ould increase monotonically with X. In order to test this

surmise, data for KIc were converted to JIc values by the

relation
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JIc K.! (1 - V2)/E (6)

If the data were to fit the Rice-Johnson relation (Jic/of)

should scale linearly with X.

JIc/Of (7)

A plot of this line is presented in figure 13 along with the

experimental values of Jic/Of for both matrices. As shown in the

plot the data lie on or near the Rice-Johnson line for all cases

where some stable crack growth occurred, supporting their model.

For the largest value of X for each alloy, corresponding to the

largest particle spacing, there was very lLttle stable crack

growth and the JIc/Of values fall well below the expected trend.

The values in Table 3 show the same trend.

For the cases of unstable crack growth, one would expict

behavior analogous to that discussed by Evans (23) for steels

tested below the ductile-brittle transition temperatures. The

initial crack begins to blunt and the stress is increased ahead

of the crack because of plastic flow and because of hydrostatic

stress elevation (241, giving maximum normal stress values .

5 of. A particle in the deformed region cracks and, if the local

energy release rate is sufficient, runs back to the main crack

and triggers unstable crack growth. Statistically, the most

likely particle to crack is unlikely to be at the maximum stress

position, so the maximum stress, influencing the propagation of

the microcrack back to the main crack, would tend to exceed the

local stress at the particle by some small factor, leading to

further plastic flow, work hardening and stress elevation prior

to crocking. Together, these factors would contribute to a local
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expected KIc value for propagation of the microcrackod particle

into the matrix of - 10 afVD. Further if this propagation event

triggered unstable crack growth, the local value should correlate

with the dynamic fracture toughness value KID of the matrix

alloys (251, which should be less than the value of Klc which is

approximately equal to 35 MPa,/m 1261. The value of 10 of/D for

the 2014-0 alloy with D - 15 pm and f - 0.05 is 6.87 HPaVnm while

that for the 2024-0 alloy with D - 50 pm and f a 0.20 is 10.1

MPaM. These values are of the order of the matrix toughnest buL

are somewhat smaller, consistent with the above discussion.

A summary of a workshop on the design of ideal

microstructures to optimize toughness (27) indicated that the

optimum structure would be a dispersoid with very small particle

size and spacing, provlded that the particle size was less than a

critical value, dependent on interface cohesion or particle

toughness, but of the order of 20 nm, below which decohesion or

cracking of the particles should not occur (28]. Once Jrc were

reached for such a material, however, unstable crack growth wo Id

occur. Contrariwise, for particles that do crack or decohere, a

large particle spacing is desirable, as in the present case,

achievable by decreasing the volume fraction or increasing the

particle size but only up to another limiting particle size. The

latter critical size corresponds to that for unstable propagation

of a microcrack into the matrix. To the extent that the matrix

toughness does not degrade and lower the upper critical size, an

increase in matrix yield strength should increase toughnesses in

this latter case.
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Together, the two cases suggest that large toughnesse.

together with resistance to unstable cracking could be achieved

by a duplex microstructure. The larger particles, provided that

they were less than the upper critical size, would provide

resistance to unstable crack propagation while the finer

particles, provided they were less than the lower critical size,

would provide matrix strengthening and crack initiation

toughness.

5. CONCLUSIONS

1. Alumina particles in the size range 5 to 50 m and with volume

fractions from 2 to 20 percent harden 2014-0 and 2024-0 aluminum

alloy matrices in fair accord with an inverse particle spacing

relation. The results are consistent with a model that the

initial yield depends on both shear lag and and structural

effects while subsequent flow is dominated by the shear lag.

2. The fracture toughness increases with particle spacing

provided that the particle size is less than a critical value.

This critical value correlates with a particle which when cracked

presents a microcrack that exceeds the matrix toughness locally.
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Table 1. List of Composites InvestLgated

Matrix Alumina Particulate Size Alumina Volume Fraction
pm

2014 5 0.02
2014 5 0.05
2014 15 0.05
2024 5 0.02
2024 5 0.05
2024 5 0.20
2024 50 0.20

Table 2. Tensile Properties and Fracture Toughness of the
Composites in the 0 Condition

Composite a y ou  Ef KI

Matrix 0 f
pm MPa HPa mPam

201,1-0 97 185 18.0 -
2014 5 0.02 128 265 10.0 14.55
2014 5 0.05 137 280 7.3 13.50
2014 15 0.05 118 237 4.4 13.90

2024-0 75 185 21.0 -
2024 5 0.02 100 227 12.0 16.54
2024 5 0.05 107 240 9.0 15.77
2024 5 0.20 114 252 4.3 12.16
2024 50 0.20 92 194 2.5 13.19

Values from ref. 29.
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Table 3. Comparison of Measured Values of JIc/UC with X.

Composite Measured Jic/oa X
Matrix E f

li pm Jni

201.1 5 0.02 13.18 25.58
2014 5 0.05 10.40 16.18
2014 15 0.05 12.95 .18.54
2C24 5 0.02 20.42 25.58
202.1 5 0.05 17.06 16.10
2024 5 0.20 8.41 8.09
202,4 50 0.20 12.-8 80.90
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The relatively lowor c~sts for fabrication and seconditry prorqssing of
particulato-rainforc-id aluminum alloy natrix composites has made thrm
az.tractive for certain aerospace oppi LCa~.ions where the very high strenguis andI
elastic moduli offered by continuous tiber-reinforced aluminum alloy-mAtrix
composites may not be required. The role of microstructurAl parameters nn
fracture toughness and tensile properties In such composites has biten discussed
in a previous paper (l3. However, more often than not I practical strzictures
are subjected to combined mode loading, which necessitatesI Lte study of crack
initiation under such conditions. The objective of this paper is to determine
how made III loading superimposqd an made 1. an example among several mixed-
rvode posuibiliies, %Iffcts Lte fracture LOuyhness and failuro mechanisms tit
alumiut~ part cu late- rinf corcod aluminum allk.y-matrix cc*mp'isites.

Thoe is a pavcity oif experimental data describing fractui'e und-ir o.,o"Wied
mode I - mode 111 lein codtin for any type ot materldi lot alone
lparticulate-reinforced mtal-matrilxscomposit.es. Most investigators have
reported (2-53 that an imposed mode III load contribution lowers the mode I
component required to Initiate fracture. However, Pook 163 found that mode I
fractura toughness was independent of transverse shear for several high
strength alloys and that fracture occurs when the resolved mode I component
equals KW. IScent investigations (7,S) have established that combined mode I
-mode III behavior in steels could be characterlzcd into two groups. In

ductile steels, a mode III loading component seems to have a a ign (fan.
influence on the wide I fracture toughness whereas In relatively brittle stools
the mode III componvnt has very little Influence oil mode I fracture toughness.
Thus it would be Interesting to observe whether aluina ~rrtIculate-reinforced
aluminum allo -mtrix composites, which exhibit only A1 mited macroscopc
ductility, fofllow- a similar trend under combined mode I - mode 1611 loading
conditions.

rxmerimntal Proedure

Mode I and combined mode I - mode III fracture toughness tests were performed
on the composites listed In Table I with the matrices in the 0 condition and
with nominally equlaxed particles as discussed in earlier work (9,10). The
mode I and combined mode I - mode IlI specimen designs ara illustrated in
figures I and 2. respectively. The Pode I specimen design is based on the
standard compact tension design recommended by ASTM C-399 (13. The exsential
mod ificat Ion o f the combined mode I - mode I1 ldesign compared to the standard
compact tension design is the slanted notch oriented at 45o to the load line,
which causes the crack piano to adopt this ulantod orientation at the onset of

523
0036-9748189 S3.00 + .00

Copyright (c) 1989 Pergamon Press plc
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Crack initiation. The 45o angle was chosen b cause it r4sults in 4jual amounts
it ode I and rmoe III loadin.) oltjVIVnents. The w.0 ratio in bpLt the specien
Josigns is 6.4, which does n'11 Satisfy I!@ to .ed 2 2 w 0 s 4. tut is An
acceptable alternative when the thikrass vt tle s-rec@iv@ t @matri4l is i*ll,

For the combined m de I - odo it1 specimens. it wns obsorveJ
qxperimontally Lhat the fatiguo pro-crAcks did nnt ollvw the initiAl slant4d
notch, and hence for consistency 11 the spiomsens. &neWiln4 th* qr@ WA4r I
sp4clmens, were pro-cracked by eaxns of ele tron diehltge vahining itrgl,
mpA :rIve te 1ts with prtfatiquod and Erm nitehod no d I :iW4rsens gave
intLical results indicating that the CUK notch coot was IWas than the Piot is
zone size. The specimens were pulled at a constant croushqAd v@!city of 10
um,,': in a ,,TS srvohydraulic testing ma'hino And the 1--ad vorsus lnad-liie
Jiplacemont recorded. ror a few b0b %od t jp*. a *mtens, tho loding was
interrlipted At fixed intervals to measure he displakm#.nts nm3 al ta the 4-ma
line (horizontal displacemental 4cross tft mouth twf the orwlmn. The
m eaure ents correlated vell with continuous measuremtnts and final
displactmnt measurements and hence the rest of thy combined mod* I - mode III
tests were carried out conLinuously The fracture surfaces of all the brkqn
compact tension specimens wtrie exaflnod under 4 scanning olocvron micaKp4e.

N9t5UILM And DOhycussgo

%0jo t Ntroas Intensity EAc& 4r
The mode I stress Intensity factor analysis was dono dccording to ASTM E-

399 (11ll. xo yas calculated by means of the following rlIationship:

clu t (Pois w1 12 ) Flw, (Il
The calculated values of Xio ate listed In Table II. Each value listed is an
average of two readings with a spread in the total data of 1.5 percent. For
mots cases, the KIQ obtained satisfies the condition (or the applicability of

LEFM but does not satLsfy the condition for plane strain. Thus, the stress
intensity factors obtained here are meaningful fracture toughness parameteu's
out not valid plane ttain fracture toughness*.

ombingd Mode I - Xede 11 Stress IntensItX Factor
There is no standard procedure for analyzing combined mode I - mode III

data. In this Investigation we have chosen to do the analysis u3ing the
resolution method. This method Involves resolving the loads and zhe
displacements Into mode I and mode III components. From the geomrety of figure
3, one can writex

P1  - P sine , - P cogi (2)and, Pl

t6 1 6 vsine - h come, 6II 6 v Coll 4 Sh sine (3)
whore 6v is the measured vertical displacement or displacament parallel to the

load line and 5h is the measured horizontal displacement or displacement normal

to the load line. In was experimentally found that 5h - 0 which reduces
equation (3) to t - sine l I -t coil (4)

Representative PI versus 8I and P ir versus t11 plots are shown In fIg. 4.
They are Identical because # was • 45 in this investigation, which results in
P I being equal to P LLO' The resolved mode I stress intensity factor, K1 O,
was then calculated analogous to ASTN C-399 (11) by &eans of the following
relationship:

K1Q 'i PLO ) f1(a/w)()
wheit 3 - Ba/sine. This is because the slanted crack makes the effective
thickness of the crack plane larger than the specimen thickness.

A similar type of analysis could be used to calculate the resolved Modn III
stress intensity factor, X LLLO with KIIQ given by:

xiiLQ u (pliiQ/'0 We ll ) f1ii(a/wi (9)
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However, the problem is that there are nc) explicit solutions Available for
f~l(SI~j or compact tension sFecimens loaded in mode fit cpnJitions. This

problem was solved by finding this ratio -2f( the stroe Intensity facoLrs under
ode III And mode I conditions for a qt~etry. illustrated in figure 5, which

approximates closest to a compact tenaton gecoet*ry and assuming that the saX4
ratio holds true for the compact tension case. The ratio Kil , K was
calculatld (Or the above qeo.etry using thf stress intonslity factors 7sy~n in
rat. 12 and was found to 214 eual to 0.81J. Thus

'it 0.03 K1
The value of K1 and t o obtained are listed in Table It Al"4,u9 with tho
value of the total stress intensity fact'mr for the cnl ned Rw'iIq east.

which was calculated by mijaa -tf the fOllowing rlationshipt
KtotalQ LO 0 l ixg*1

Each value listed is an average af two readings with a epm'ed in the L,2tal data
of 1.5 percent.

£Lfeoct of rack Anqi e on Frac~ture ParAmgLe-
rigure 6 a1 and b) show the uar graphs of Klfa arsdttal (.j or the tw vraek

angles, respectively. Kto~talQ and NK are identical for the puro o% de 1 444
The imposed mode III leading component slightly lowered the made I stress
in tnlsirty factor required for crack Initiation, however, this total stress
intensity factor was higher in the combined Pode I - mode III case as Compaced
to the Pod* I mase. Thi Iimplied that the crack Initiation was more dif fit
In the combined mode I - fmode III orientation as compared to the mode I
orientation. This result was consistent with the macroscopic observation of
crack rotation towards mode orientation immdiately following crack Initiation.
The observation of fracture surfaces of both the mode I and combined mode I -
Pode III compact tension specimens under the SEX revealed asentially the some
7enqeral features as shown in figure 7. The combined mode I - mode III specimen
racture surfaces did not show any voids elongated in the shear (oode 111

direction. All of the above observations rend to Lndlcat* that the fracture in
such composites was mainly governed by ignailo (mode 11 stresses And not by
Pode III shear. Thus, It Appears that there is no apparent change in the
failure mechanism in such composites with the introductirin of a mode III
loading component. These observations are consistent with the resul ts reported
by other Investigators (7.9,12.13) for other materials exhibiting limited
ductility. The higher value of K totalo in combined mode I - mode III loading
compared to Kalso suggested that in alumina-particulate reinforced aluminum
alloy-matrix composites, at least !or the combined mode I - mode III loading,
ic may be a good conservative ectimate of the fracture toughness for design

purposes.
Q2KIMg

I) The imposed mode III loading como nent lightly lowered the mode I stress
intensity factor required for crack initiation. However, crack initiation was
more difficult In the combined mode I - mode III case as compared to the pure
mode I case as reflected by the higher total stress Intensity factor at crack
Initiation.
2) There wasI no apparent change In the failure mechanism with the introduction
of the mode III loading component. Mode III shear did not play a significant
role in the failure process which was mostly influenced by mode t tnsile
stresses.

This resoarch was supportedaby the DARPA University Research Initiatilve at
the University of Caliornia, Santa Barbarc, under ONR Contract No.#60014 - 86
K - 0753.

asimff
1. S.V. Kamat, J.P. Hirth, and R. Mehrabian, Submitted (or publication.



526 Al MATRIX CO1POSITIS Vol. 23, Mo. 4

2. R.C. Shah, ASTA STP 560. iy. 29. (19274.
2. Y. .Uda, K. ikedd T. Y&Oo and M. Ackt° Eng. Fract. .N4h. I11 1'. lIWI,

1191)1.
4. W.Ko Willsn. 1stlnghouse l*aearch Rlpoct, 119).
S. J.0. Schroth, J.P. Mirth. R.G. Hoagland, and A.R. Nosnt(Id, I ),l.ll

Trang. IIA, p. 1061, Il957j.
L. L.P. Pwk0 'Eq. T r*ct. ftech. 3, p. 20S. r1O1t.
3, ywowanha . VhL Th~st*. nhj- Siato Un1V~flLLY. #191.
S. 9a havachar;# Ph P Thks, jg.h SUiTAR 'n*vtr .y, Al i.

9. T... IItJking, I. tolgar For dj, R. undrlhn, ano . H4hrabtdn, J. of
Hawer. Sci. 17, p. 110, (11.21

10. C.G. ILvL, G.J. AbboonhLan, and A. Mohrbtan. etall. *tans. 9A. p. W9.11911

11. ASTM Annual look of 5tandards. Am. Soc. Tqst. Hat., E-3699 630, 1911.
12. A.R. fotantLold ira W.N. OWcko.th, Int. J. of Tract. J2, . Rsi, 09171.
13. S. Suresh and t.y. TaChqq J. An. Car. Soc. 70, p. 726, .9607 .

Table 1. AltmIaP partLculate also 0 and volum tracLloo f (or ComposlLes
Inveer l9 ted

tble ii. Nod I and coablawd td I - mad 111 frecL~are Looqhael of Lb.
coel~alree In the 0 coeditllo

Nqode I K Combined Rode I - lode III IK
X etIx 0 lKm¢ 10  KQ Kj.tQ Ka o4al

"al Nllaiml NPa/mt MPav' Ma@
(Al 2014 s 0 .02 14.2 12.1 10.7 16.0
2 014 5 0.05 13.5 I1.5 9.6 1..2
CC): 2014 1S 0.05 13.9 1I.9 9.9 16.7(DI 2024 s 0.02 6.5 13.2 1I.0 1.6
fEJ} 2024 5 0.05 15.6 1l.l 9.3 16.7(r) 2024 5 0.20 12.2 9.3 7.7 s0 .

(0) 2024 50 0.20 13.2 10.0 6.3 14.1

cp- II th 0 ii

- , I.

. .. oode I copact tenion. CombIned Mode I - Node III
upecmen design, compact; tension specirn design.



Vol. 23, No. . Al MATAIX COMPOSITES $27

.s-

r10. 3. Rasolurion o4 lead and dtsplace.nt into mo** and *ode III comonelL

0

I

FIG. 4. RepresentltLve resolved load versus resolved displ4cewant plots.

0S

'ri

Figur . eresettvued freolvedlaig ve Lu reslve ipaeetpo



51 Al MATRIX COOOOSITES Vol. 23, No. A

(2 ) 0 9-90.

! 9.45s

1lo
; i

5- X' I
ao- (b)

?o-

1~I5

0 -00
0 0

(A) (a) (0) 11:)1 (C) (F) (E) 

FIG. 6. Bar graphs Illustrating ai mode I streis Intensity factors and oi total
stress intensity factors, for the two crack angles for all the
composLten investigated.

Ar b al

FIG. 7. SEH micrographs showing th" qenqral fracture surfare features fmr
a) mcde I case and b) combined mode t - mode III case.



A NUMSCAL STUDY OF HiGH TEMPERATURE

CREEP DEFORMATION IV'! METAL-MATRIX COMPOSITES

T.L, Drgone and W.D Nix

Dpanet of Maierils Scicnce and Engineering
Stanford University
Stanford, CA 943()5

Absumt

The crcp deformation behavior of me-manuix composites has been studied using finite clcmcnt
techniqutes. The objective of the work has been to understand the underlying mechanisms of
fibcr rminforcment at high temperatures. Axisyrmctric and plane strain unit cells are used to
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Results indca that lare niaxial stresses are induced in the ntrix due to the constraint Imposed
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the composite. The effect of reinforement phase Seom"cy on the overall deformation rate Is
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of fiber clustering. Theor1tical pmditons from this modeling am compared to experimental
results of creep defmation in mtal-mmnix composites.
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The dete t o( adveced a s and engine components depends citicaly on
the availability of iaterl as that retan their stifess and sUgthO at high temeratures. Will It
a been known for sever year that fiber reinfociement increases the stmngt and stiffness of

metals even at hgjh tcrnperatures, them is stillt a lick cf understanding about the basic
deformation pmcsses in tietal.mauix -o--osite at these high tmperatues. Strengthening has
been attribute to such mechanisms as Io transfer from the matrix to the fiber ilI, increased
dislocation density around the fiber [2), constrained flow of matrix material around the fiber (3],
• ad residual stresses resulting from thermal expansion mismatch between the fiber and matrix
(4). The impomme of each of these mechanisms it creep deformation for any given fibe,/mnatrix
combination has not been a .eq'utely &aIVss In particular, the effect of geornir. variables
and fiber distribution has not ben c!early defincd for the cmrp regime.

The objective of tis study Is to further understand the geometrical constraints on plastic flow
during creep defonnadon in fiber reinfomred mettl-matrix conposites. Finite element modelling
is used to characterize the evolution of hydrostatic stress and plastic strain during creep
deformtion and to consider the effects of varous geometric arrangements of fibers on the
overall steady uate creep rate.

Finite Elemnt Model DOecrtxiont

The process of formulating the boundary value problem to be solved by the finite element method
is illustrated in Figum 1. In order to make the problem tractble, the fibers am represented by
cylinders of half-length I nd radius r in a regular array aligned with the principal loading
direction. The ratio of fiber length to diameter, 1r, is defined as the fiber aspect ratio. It is
further assumed that this regular army of fibers may be approximated by a unit cell consisting of
a single fiber embedded in a cylinder of matrix material of half-length a a&W radius b. The ratio
of unit cell length to diameter, a/b, is defined as the unit cell aspect ratio. The symrmetry of the
problem is used to further simplify the three dimensional unit cell to a two dimensional
axisy e unit alf cell" a shown in the figure. The effect of the other fibers in the army is
simulated by appropriate choice of the boundary conditions on the outer surface of the cylinder.
The boundary conditions on the unit cell are suma'nrized as:

ur-O Cr-O on r-O (1)
uX-0 Cr - 0 on z-O (2)
ur J(z) c =0 on r-mb (3)
Uz VAr) crr% -0 on z- a (4)

The composite is loaded with a constant average stress of 1, and condition (4) ensures that the

tractions on the end of the unit cell. T, am given by:

JTdA =A (5)

The inner boundaries between the fiber and matrix are assumed to be perfectly bonded so that all
displacements are continuous across the boundary. The constitutive behavior for the fiber is
purely elastic, and the matrix is modelled as elastic-viscoplastic:

E= a/E for fiber (6)

i= 6/E+Ca for matrix (7)

where E is the Young's modulus for the material, n is the stress exponent, and C is a constant
which depends on temperature. While any choice of material is possible, for this study 6061
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Figure I - Formulation of the boundary value problem for creep of a fiber reinforced
composite. a) regular array of fibers in matrix; b) array divided into
hexagonal array of cells; c) hexagonal array approximated by cylindrical
unit cell; d) symmetry used to define axisymmetric domain for problem.



aluminum reinforced with 20% silicon carbide whiskers with the following properties (5,6,7
will be used:

EM - 68.3 GPa v - 0.345 (8)
ESi -470 GPa vsi -0.300 (9)
n - 4.0 (10)

The boundary value problem thus formulated is solved using MARC, a commercially available
finite element cod- for structural probkms (8]. A mesh of approximately 150-200 axisymmerc
8-node isoparanetric elements is constructed for each geometry under consideration.
Convergence studies show this number of elements to be sufficient to describe the stress state
accurately. An updated Lagrangian element formulation is used to account for the geometry
changes associated with large strain plasticity, expected in the more highly stressed regions of the
mesh. A Newton-Rhapson technique with adaptive tine stepping is used to solve the nonlinear
u stia us ed with plastic deformation.

Results

Description of Stress State

For all subsequent analyses, the nominal conditions for the "base case' have been defined as an
average stress of 80 MPa applied at 5610K to a composite consisting of aligned SiC fibers with a
volume fraction of 20% and an aspect ratio of 5 in a matrix of 6061 aluminum having a cell
aspect ratio of 5 as well. Under these conditions, the predicted creep rate is 3.41 x 104 sec"1,
which is in good agreement with the experimental data for the composite at this stress and
temperature. All variations in geometric arrangement will be compared to this base case.to
determine the effect of the variations.

AxiiLSes Figure 2 shows the development of axial stress within the composite upon initial
loading and after 4, 18 and 36 hours of creep deformation. The figures are plots of the
magnitude of the axial stss as a function of radial and axial position within the unit cell of the
finite clement model. The numbers printed around the surface plot indicate the magnitude of the
quantities plotted in certain important areas of the mesh.

Upon initial loading, the fiber bears a large fraction of the load, with the stress reaching a vasue
of 194 MPa or over twice the applied stress of 80 MPa. The stress eecreases axially along the
centerline of the fiber and is continuos across the fiber/matrix interface. Note that this load
transfer across the end of the fiber, which is often neglected in simpler analyses, is a significant
105 MPa. Axial stress in the matrix is significantly lower at 20 MPa,. Note that there is a large
strss concentration of 248 MP& at the sharp corner of tie fiber. While the presence of this stress
concentration is expected, its vlue may not be very accurate because the mesh is not refined
enough in this area to capture the rapid increase of stress with position. However, since the
primary purpose of this study is to look at the deformation of the matrix, errors in the prediction
of the stress concentration in the fiber should not affect the overall prediction of creep rate of the
composite.

As the matrix creeps around the fiber, it forces the extension of the fiber because of the perfect
bond at the fiber/matrix interface. This results in an increase by nearly a factor of two in the axial
stress in the center of the fiber after four hours of creep, reaching a maximum of 390 MPa after
18 hours of creep deformation. Consequently, in crder for equilibrium to be maintained, axial
stresses in the matrix around the center of the fiber become compressive. A maximum
compressive stress of 97 MPa is established in the composite. Note that after 36 hours, there is
virtually no change in the stress state around the fiber indicating that steady state has been
achieved.

Hydrostatic Stress, Figure 3 shows the evolution of hydrostatic stress in and around the fiber.
As seen in the axial stress profile, tnsile hydrostatic stresses are produced within the fiber, and
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Figure 2 - Evolution of axial stress within the composite over time. Each surface plot
represents the magnitude of the axial stress plotted as a function of radial (r)
and axial (z) position within the unit cell at the time indicated. The numbers
represent stresses in MPa for pertinent areas of the surface plot.
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these stresses increase with creep deformation. Large hydrostatic compressive stresses develop
in the matrix around the center of the fiber. These compressive stresses may be attributed to the
constrained outer surface of the cylinder of the unit cell which cause large compressive radial and
circumferentiul stresses to develop. Note that by the tim seady state is reached, the s=% state
in the matrix near the fiber center is purtlyhydrostatic in nature, with the hydrostatic stress (.-101
MPa) being roughly equivalent to the axl stress (-97 MPa).

Near the end of the fiber, there is a rapid variation in the stress field, changing from slightly
compressive within the fiber end, to strongly tensile in the matrix, with a steady state value of
about 180 MPa. The variation in the stress field can be seen most clearly in the t-0 surface plot
of Figure 3. The same variation exists at subsequent times, but it is obscured in the surface plot
by the peak stresses near the fiber corner. This phenomenon can be explained by the difference
in Poisson's ratios for the two materials. The aluminum matrix, with the larger Poisson's ratio,
wants to contract radially more than the stiffer fiber will allow. Consequently, the matrix"squeezes" the end of the fiber radially resulting in compressive hydrostatic sticsses. The fiber,
on the other hud mists this deformation and "pulls" the matrix into tnsion. The magnitude of
thes stresses is also seen to increase with creep deformation until a steady state is reached.

CreA2 Equivalent creep strain in this context is defined as the integral of the equivalent
creep strain rate given by the constitutive law:

I I

EllJ .dt= JC .dt (11)
0 0

where -e is the equivalent creep strain rate and 0- is Von Mises equivalent stress. Figure 4
shows the evolution of plastic creep strain ini and around the fiber. As expected, there is no
plastic creep strain upon initial loading. Once creep deformation begins to take place, strain is
concentrated in the matrix in the region of the sharp fiber corner. After 36 hours, a maximum of
7.2% strain is seen locally although the overall strain of the composite at this time is only 0.6%.
While not modelled in this simulation, it is highly likely that damage would accrue in this highly
deforned region, leading ultimately to tertiary creep of the composite and ultimate failure.

Effect of Fiber Aspect Ratio

Fiber aspect ratio (1r) was varied over the range of 3 to 20, representing the typical range of fiber
asp.ect ratios found in whisker composites. In order to make a valid comparison between models
with differing fiber aspect ratios, the cell aspect ratio was assigned the same value as the fiber
aspect ratio. This has the effect of preserving the ratio of matrix material at the fiber end to
matrix material at the fiber sides. Under the nominal conditions of 561*K and 80 MPa, creep
rates were determined for composites of varying fiber aspect ratios, and the results presented in
Figure 5 in the form of a strain rate versus strain plot.

In all cases, there is a short transient where strain rate decreases as load is transferred from the
matrix to the fibers. Note that while this tansient looks like primary creep behavior exhibited by
many pure metals and Class II solid solution alloys, there is no primary creep modelled in the
matrix at the present time. The steady state strain rate is seen to decrease by several orders of
magnitude as the fiber aspect ratio is increased. This effect is explained by the more severe
constraint on the matrix material flowing around the fibers. In this aligned configuration, as the
fiber aspect ratio increases, the inter-fiber distance decreases, resulting in a smaller cross
sectional flow area for the matrix material. In this region around the sides of the fiber, the
compressive hydrostatiw stress is seen to increase with fiber aspect ratio from a value of -70 MPa
for an aspect ratio of 3 to a value of-110 MPa for an aspect ratio of 20. The large hydrostatic
compressive stress in this region inhibits local creep deformation.

In order for the composite to extend in the axial direction, matrix deformation must take place
both in the mot highly constrained region at the sides of the fiber and in the less constrained
region at the end of the fiber. With the side walls of the unit cell constrained as described by
equations (3) and (4), the two deforming zones are placed "in parallel", and the overall
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deformation rate of the composite is limited by the deformation rate of the more slowl
deforming region at the fiber sides. In order to assess the constraint effects on the overl
deformation rate of the composite, a finite element simulation was run with the constraints of
euations (3) and (4) removed. Inits lace, traction-free boundary conditions were substituted.

ith the side wall constraint in this fashion the two regions are placed "in series" and
are free to deform independently. Consequently, the overall deformtion rate of the cemposite is
set by the mome rapidly deforming zone at the fiber end. Without the constraint on the outer
surface of the unit cell, the steady state creep rate is increased by nearly two orders of magnitude
to 3.14 x 10-6 sec-l. The importance of the lateral constraint of the unit cell in accurately
modelling deformation behavior of composites has already been stressed by Christmnrn et &L. (9].

Effect of Unit Cell As= Ratio

Unit cell aspect ratio (alb) was varied over the range of 2.5 to 10 to simulate the effects of fibers
being clustered together axially (cell aspect ratio small) and radially (cell aspect ratio large). In all
cases the fiber aspect ratio was held consant at a value of 5. Chan g the cell aspect ratio has
the effect of varying the relative amounts of matrix material at the ber ends and the fiber sides.
The results are plotted in Figure 6 in the form of strain rate versus strain curves.

Radial clustering of the fibers, as described by an increase in the unit cell aspect ratio, causes a
greater constraint on the flowing matrix material and results in a lower creep rate. While it is true
that there is more matrix ma:erial at the fiber ends, and this material is subject to less constraint
from the fiber, the smaller amount of matrix material at the fiber sides is very greatly constrained
and causes a reduction in the overall creep rate of the composite.

For very low cell aspect ratios, when the fibers are strongly axially clustered, the material trapped
between the two fiber ends cannot effectively contribute to the flow of the composite. Thus the
composite begins to act like a continuous fiber composite, having a very low creep rate. This
explains the decrease in creep rate as the cell aspect ratio is reduced from 3.5 to 2.5. Taking this
trend further, at a cell aspect ratio of 2.236, the compwit€ would have continuous fibers (for this
volume fraction of 20%) and a steady state creep rate off?.

Effect of Offsettinr Fibers

In all the previous finite element simulations, the unit cell has consisted of a single fiber in the
surrounding matrix material. In order to assess the effeizs of clustering and interactions between
fibers, it is necessary to include two or r-sore fibers offset in some way within the unit cell.
Consequently, the axisymmetry of the single fiber unit cell is lost and a full three dimensional
model must be used in order to fully describe the geometry. However, valuable insights may
still be gained from the much simpler two dimensional plane strain model. In this case, the
results will describe the interaction between two infinitely wide plates, and therefore will not be
directly comparable to the previously derived results for axisymmetric cylinders. For example, at
the same 20% volume fraction of reinforcement and the loading condiions of 561*K and 80
MPa, the single fiber axisymmerric model predicts a steady state creep ratw. of 3.41 x 10-8 sec-
while the single plate plane strain model predicts a steady state creep rate of 1.29 x 10-7 sec-1.
This difference of a factor of nearly 4 shows that the results are not directly comparable.
However, it is believed that the trends apparent in the plane strain data for various geometries
will still be valid for comparable geometries in the fiber composite.

Figure 7 shows the geometry of the %.1t cell for this part of the investigation. Because of the
symmetry of the problem, the unit cell consists of one quadrant of each of the two fibers within
the unit cell. The fiber center-to-center distance along the x direction is defined u a; the center-
to-center distance along the y direction is defined as b. The offset ratio is defined as alb. For the
offset fiber plane strain geometry, varying the offset ratio varies the amount of overlap between
the fibers. For offset ratios less than 2, the fibers overlap, with a lower aspect ratio meaning a
greater degree of overlap. Offset ratio was varied over the range of 1 to 12.5, while holding the
fiber aspect ratio constant at a value of 5. The predicted creep rates are presented in Figure 8.
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Overlapping of fibers, as described by a decrease in the offset ratio, results in an increas in the
creep rate. In this overlapped configurati, the tensile hydrostatic stress field associated with
the end of one fiber adds to the compmssiv hydrostatic stress field associated with the sides of
the other fiber resulting in a net tensile hydrostatic stress field throughout the matrix. This
reduced degree of constraint on the marix maifests itself as an increase in the creep rate of the
copste. In addition to an iocrased steady state creep rat, the overlapped fiber configration
exhbit a much shorter transient to establish steady state, indicative of the ease with which the
matrix material cn flow aound the fibes. Note that if the offset ratio is decreased below a value
of 1, steady state creep rale will decrease because of the incmsed df ty for flow of matrix
material trapped between the ends of the fibers. At an offset ratio of 0.5, the composite would
have continuous fibers (for this volume fraction of 20%) and a steady state creep rue of 0.

Simulaon gf CrW Ddonmation

A comparison between the creep deformation behavior of the 6061 AIV20% SiC composite (from
the data of Nich (7]) and the simulated behavior of the finite element model is shown in Figure
9. While the finite element model of the composite simulates an appropriate tedu.tion in creep
rne of thc matrix material 2t high stresses, it grossly overpredicts the creep rate at lower stresses.
Since the finite element modelling is based on a continuum treatment, the simulated stress
eependence of the composite must be the same as the stress dependence of the matrix material
alone, namely having a stress exponent of 4. This is not in agreement with the observed stress
exponent for the composite of nearly 21 [7,10J. Clearly, other microstructural features such as
dislocatiocs and grain bo aries am inhibiting flow at low stresses. Finite elememn modelling
alone cannot assess the effect of the features, and further experimentatin is needed to describe
the sus dependn of the composite materiaL
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Figure 9 - Comparison of finite element simulationz with experimental dat for
6061 Al /20% SiC whiskers at 56lK. Dam taken from Nieh r].



In summary, this work has shown that for a regular array of aligned fibers t a creeping matrix:

1. The constraint on the outer .urface of the unit cell is crucial to accurately model the
deformation behavior of the composite because the overall deformation of the composite is
controlled by the flow of the matrix through the highly constrained region around the rigid fibers.

2. Increasing either the fiber aspect ratio or the unt cell aspect ratio while holding the volume
fraction constant reduces the .paclng between fibers and results in higher comprezsive
hydrostatic stresses. Higra hydrostatic stresses arm indicative of a greater deg=ee of consintint on
the matrix material and cause a decrease in the steady state creep rate of the composite.

3. Offsetting fibers causes the hydrostatic tensile and compressiv-- stress fields of adjacent fibers
to overlap and reduce the degree of constraint on the matnx material, which in turn results in an
increase in the steady state creep rate.

4. Finite element modelling of creep behavior can simulate a reduction in the creep rate of the
compositz but cannot adequately predict the nbserved high stress exponent of the composite
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ABSTRACT

The results of three-dimensional finite element calculations are presented for a

cubic array of rigid spherical inclusions embedded In an elastic perfectly plastic matrix.

The analysis examines the strengthening effect of the Inclusions under macroscopic loads

ot unlaxial tension and pure shear. At !ow volume fractions, the fractional increase in

strength is more modest than the volume fraction of particles, and only becomes

comparable at around 40% loading. The local stress and deformation (ields in the region

of the Inclusion are presented. The numerical results show that for volume fractions of

inclusions below about 257 the sufface tractions on the inclusion have the same order of

magnitude as the matrix material's tensile yield stress. Volume fractions of 0. particles

are necessary before the interface tractions are approximately double the yield strength.

1. INTRODUCTION

A hard second particulate phase s sometimes added to ductile metals to provide

improved strength and other specific mechanical properties. In addition, such hard

particles are often present in alloys as a result of processing and both types of inclusions

provide a source for ductile fracture. When the partides are large, bigger than 11im say,

they will act as continuum elements within the microsctructure. Then the role of those

particles in strength and fracture must be understood and modelled in that context. This

paper presents some results of continuum calculations for hard spheres embedded in a

perfectly plastic matrix, providing Information relating to strength and fracture.

There have been some attempts to model the strength of ductile materials

reinforced by large hard particulates. Drucker (11 used limit theory to show that small

volume fractions of inclusions would have a negligible influence on strength because

they would fail to inhibit the plastic flow. He also estimated the strengthening effect of

hexagonal fibers loaded transversely and interpreted the model for particulates with
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hexagon-shaped cross-sections. He found only weak effects at low volume fractions of

particles. However, he deduced that above 50% loading, the fiactional strengthening

exceeds the particle volume fraction and rises in a strongly nonlinear fashion with

volume fraction. This arises due to the constrained plastic flow which occurs. Similarly,

Duva (2) finds modest strengthening at low volume fractions of spherical Inclusions In a

power law matrix where he used the self consistent averaging scheme to obtain results.

The fractional strengthening over the matrix level is about half the volume fraction

when the latter Is low and again the rule of mixtures estimate is exceeded substantially

only above 50% loadings.

Cell model calculations for spherical inclusions in strain hardening materials [3, 41

Indicate the same behavior at low volume fractions up to 10% In that there is little

strengthening. However, Christman et al. (41 report that squat cylinders in cell

calculations have a more substantial effect on strength, which they attrib:te to the angular

shape of such reinforcements and its influence on strain hardening. They also attribute

many features of the plastic flow, strength and failure of ductile matrix composites to the

plastic constraint which develops between the reinforcements.

Many numerical calculations have been carried out to determine the tensile stresses

arising at the particle-matrix interface. For isolated particles, the tensile stresses have a

magnitude comparable to the matrix yield strength (5-10), not more than 60% above the

applied stress. The exception is Thomson and Hancock (8) where no steady polar stress

occurs on the particle and the stress level continues to climb with strain. This apart, the

stress levels are thought generally to be too low to explain particle decohesion or cracking

in ductile failure [71. Argon et al. (7) suggested that proximity interactions between

neighboring particles would elevate the interface stresses. This would occur due to plastic

constraint. Needleman [31 outlined an alternative possibility that nominal stresses on

isolated particles could cause void nucleation and used a model with cohesion

characteristics to model the prc-.ess. A fairly high triaxiality was Invoked in the nominal
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stress field, however, more charactedstic of a crack tip domain [111 than a necking tensile

bar.

In this paper we present the results of calculations for plastic flow around a cubic

aaray of rigid spheres. Both the effect on strength and the interface stress levels are

considered. Unlaxial tension and pure shear are analyzed for a few volume fractions of

particles. Most results Involve low loadings of particles of less than 25% in which case the

effects are modest and interactions between particles are mild. However, one result for

38% of particles is also provided.

2. FORMULATION OF TI-E BOUNDARY VALUE PROBLEM

A ductile material coutaining hard second phase particles was modelled as a

periodic cubic array of rigid spherical inclusions embedded in an elastic-perfectly plastic

matrix. A single representative cube of matrix material with the appropriate symmetry

and periodicity conditions at the faces of the cell was used in the calculations as shown in

Figure 1 and 2. All six sides of the cell cube were constrained to remain plane so that the

cell deforms into a right parrallelopiped. The cube contains a single rigid spherical

inclusion at the center of the cell as indicated in Figure 2. The effect of this inclusion was

modelled by constraining displacements at the Inclusion-matri." interface. The elastic

response of the matrix material was isotropic; the plastic response was perfectly plastic and

governed by a von Mises yield criterion with the associated, Prandtl-Reuss flow rule.

Displacement boundary conditions are Imposed at the face of the cube to make the

normal surface tractions correspond to a given macroscopic state of stress. All shear

tractions on each face of the cube are zero. Two macroscopic stress states, shown in Figure

I, were analyzed; pure shear and uniaxial tension. For an elastic-plastic matrix material

with an elastic Inclusion, Wilner [3] has shown that when purely hydrostatic stresses are

involved, very high stresses are required f, istic zone of significant size to develop.

Therefore, a moderate macroscopic hydros, *ponent of stress can be superimposed
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on the solutions for unlaxial stress and pure shear without perturbing the plasticity

behavior. Thus, the magnitude of stress at the inclusion-matrix interface can be estimated

from the finite element results to which can be added the superimposed hydrostatic stress.

The problem of a complete cubic cell containing a spherical void can be reduced due

to the symmetry of the two loading conditions examined. For the case of macroscopic

uniaxial tension, five planes of symmetry exist and only one sixteenth of the cell need be

considered. Figure 2 shows those symmetry planes and the fraction of the cell that was

actually analyzed. The appropriate boundary conditions were imposed on the symmetry

planes. For the case of macroscopic pure shear, three planes of symAmnetry exist ad only

one eighth of the cubic cell need be considered. The part of the cell analyzed for the case of

pure shear is the segment shown displaced In Figure 2 plus a mirror image across the

diagonal plane added to it.

The volume fraction of inclusions P is determined by the ratio of the inclusion

volume to the cube cell volume. Inclusion volume fractions, p = 0.8, 6.5, 12.7, 21.9 and

38.2% were considered.

The numerical computations were carried out to large macroscopic strains to study

the plastic flow In the Inclusion-matrix cell. For these large deformations in the matrix, a

formulation and an elastic-plastic constitutive law discussed by McMeeking and Rice (13

were used which accounts for large rotations of the princpal axes of deformation.

3. FINITE ELEMENT FORMULATION

The problem described in Section 2 was solved using ABAQUS, a general purpose

finite element code [141. An updated Lagrangian feature is used for large deformations.

The modified Riks algorithm described by Powell and Simons [15] was Utinzed for

incrementing the load. This algorithm provides improved numerical stability for

problems iavolving perfectly plastic material response. For each increment of load,
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approximately four iterations were performed to achieve equilibrium at the end of the

step.

A typical finite element mesh used to model the one sixteenth segment of the cube

unit cell under macroscopic uniaxial tension Is shown in Figure 3. This mesh contains

135 twenty noded isoparametric brick elements and 3252 degrees of freedom. The 20-node

brick element was used with eight Integration stations and locking of the finite element

mesh due to the plastic incompressibility constraint was avoided by use of an element

feature based on the method of Nagtegaal, Parks and Rice (16). The mesh for a

macroscopic pure shear load consists of that shown in Figure 3 and its reflection across the

diagonal symmetry plane.

The macroscopic true strain Ej Is defined as hIn (1 / 1,) where 1. is the length of

the underformed unit cell shown in Figure 1 and I is the current length of the unit cell

in the x direction. The coordinate system is defined so that the x, axis lies in the

direction of the macroscopic tensile stress (see Figure 1). Calculations for uniaxial tension

were carried out to macroscopic strains E, of 40% or until increments of local plastic

strains in the matrix were too large to allow convergence of the solution in a reasonable

amount of time. Calculations for pure shear were carried out to macroscopic strains of

10%.

The finite element computations were done using a Convex CI-XP2

minsupercomputer at the University of California, Santa Barbara. In a typical case for

-iniaxial tension, 45 increments were performed which required 675 minutes of computer

time.

4. RESULTS OF THE FINITE ELEMENT ANALYSIS

Results of the numerical computations for macroscopic stress states of uniaxial

tension and pure shear are presented in this section. All calculations were done with

material constants E / a. = 200 and v = 0.3, where E is Young's modulus, a. is the
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yield stress In unlaxial tension, and v is Polsson's ratio. The material in all the

calculations presentcd is perfectly plastic obeying the von MLses yield criterion.

4.1 The Macroscopic Effect of Rigid Inclusions

Figure 4 Is a plot of the macroscopic response of the material conto!ning rigid

Inclusions under unlaxial tension. The macroscopic true stress-true strain curves are

plotted for five different inclusion volume fractions. As one would expect, for all five

Inclusion densities, the material Is strengthened by the particles. As the strain Is

increased, the response of the material with the small Inclusion densities P = 0.8% and

6.5% remains unchanged and there is a classical limit flow at constant applied stress.

However, for the large Inclusion densities p = 12.7% and 21.9% increasing strain causes a

slight strengthening of the material. Clearly for p = 0.8% and 6.5% the inclusions have

little effect on the plastic flow of the matrix, and it is as if particles are isolated. Indeed, the

strengthening effect is less potent than a simple volume fraction, with the fractional

increase of strength being about p / 2 . For p = 12.7% and 21.9%, the inclusions seem

to be interacting at larger strains In a way that creates more resistance to plastic flow in the

matrix material, but the initial effect is still modest with the fractional increase of strength

still limited to p / 2 . Only when p = 38.2% is the fractional increase of strength in

excess of p.

Figure 5 is a plot of the stress-strain behavior of the cubic cell under conditions of

pure shear. The results show that for all inclusion densities there is a steady increase in

the strength of the composite material with increasing strain. For the three lowest

Inclusion densities of 0.8, 6.5 and 12.7%, the response of the material is roughly the same

with a slight divergence with increasing strain. However, for the 21.9% inclusion density,

the composite material has a higher strength.
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4.2 The Local Stress and Strain Fields Around the Inclusions

Figures 6 are contour plots of the tensile effective plastic stain e in a cross section

of the cell with p = 6.5% for unlaxial tension. The tensile effective plastic strain Is a

measure whose rate of change Is defined as

= (1)

where d is the plastic part of the deformation rate which in turn Is the symmetric part

of the spatial velodty gradient. The dark lines in Figure 6 represent the boundary of the

plastic zone, and Indicate the development of the zone during the early stages of loading.

The finite element results show that yielding first occurs in the matrix above the

Inclusion. The plastic zone quickly moves down to the ligament between the Znclusion

and its transverse neighbor. Once the plastic zone envelops this ligament, the limit load

of the cubic cell is reached and plastic flow is relatively unconstrained in the matrix.

However, small regions in the matrix at the top and side of the inclusion remain

completely elastic at high macroscopic strains.

Figure 7 is a contour plot of the tensile effective plastic strain e in a section of the

cubic cell for p = 6.5% in uniaxial tension at a macroscopic strain E, of 10%. The contour

plot shows that most of the plastic deformation occurs directly above the Inciusion,

because the ligament between the inclusion and its neighbor in the tensile direction must

deform more than other material to maintain compatibility with the macroscopic strdn.

The strain level in the rest of the cell is roughly uniform at the level of the macroscop;C

strain. However, in the ligament between the inclusion and its neighbor in the

transverse direction, there is a slight elevation in the plastic strain which indicates a small

amount of interaction between the two particles. There is also a slight concentration of

strain on the inclusion surface at 450 above the transverse plane.
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The Interaction between particles Is seen more clearly for higher Inclusion

densities. Figure 8 Is a contour plot of the tensile effective plastic strain for p - 21.9% In

uniaxial tension at a macroscopic strain Ej of 11.1%. The cell is contracting In the

transverse direction and this has become noticeable at this strain level. This contraction

and the incompressibility constraint results in strains in the ligaments which are higher

than the macroscopic strain. Material Is flowing away from the ligament on the

transverse plane and into the ligament separating particles in the tensile direction. Two

shear bands on planes oriented at 450 to the direction of the tensile loading are required to

accommodate the motion of the matrix relative to the particle.

Figure 9 is a contour plot of the effective plastic strain in a section of the cubic cell in

pure shear when the macroscopic shear strain E3 is 9.0%. The figure shows that most of

the plastic deformation lies In shear bands oriented in the direction of maximum

macroscopic shear. These shear bands lie between diagonal layers of inclusions. The

contour plot (Figure 9) also shows that in pure shear even for high strains, regions in the

mat.ix directly above and to the side of the inclusion still remain elastic.

The finite element analysis was also used to obtain the strezs at the particle's

surface. Figure 10 Is a plot for the uniaxial tension case of the normal interfacial stress for

an inclusion density p = 6.5% versus the angle ,, which Is defined in the figure inset.

The stress states at various leveis of macroscopic strain are plotted. The results show that

the interfacial stresses reach a steady state at high strains. The maximum normal stress

predicted by the finite element calculation is approximately 1.4o, and it occurs over a

region from 700 to 900. Argon et al. [7), Wilner [10) and Budiansky (91 have noted that for

isolated inclusions the maximum normal stress occurs at an angle slightly off the pole but

it Is not clear in our finite element results if that is, in fact, the case. The dashed line in

Figure 10 is the stress state when no inclusions are present in the matrix. Clearly the

presence of the inclusion does not raise the level of stress significantly. For volume

fractions of 21.9%, the level of the normal interfacial stress is roughly the same as that

predicted for the low inclusion densities. Figure 11 shows the surface stresses for
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macroscopic uniaxial tension and an Inclusion density p = 21.9%. In this case, the

normal stress seems to be slightly higher at the top of the particle at low strains but as the

deformation increases, the peak In normal stress seems to move away from the pole. At

low strains the maximum normal stress is 1.6a., but at higher strains It drops to 1.5a.

and seems to be off the pole. The compressive stress at the side of the inclusion Increases

with increasing macroscopic strain. This elevation seems to be due to the compression In

the ligament as the Inclusion and its transverse neighbor move closer together.

Elevation of the Interfacial tensile stress Is more apparent for the high volume

fraction of 38.2% in unlaxial tension. At macroscopic strains of 0.5%, the maximum stress

is already over 3 times the matrix tensile yield strength. At 2.1% strain, the maximum

skress is almost '4 times the matrix yield strength and seems to have steadied at that level.

The effect must arise from plastic consiraint In the ductile layer between two particles

which has a thickness only 1/9 of the partide diameter. Such layers become comparable to

the highly constrained channels analyzed by Drucker (1].

Figure 13 is a plot of the normal surface traction at the Inclusion-matrix Interface

for macroscopic pure shear and p = 6.5%. The dashed lines indicate the stress field when

no inclusions are present. The results show that the local stresses are actually reduced by

the presence of the inclusion. The stress magnitudes at the top and side of the Inclusion

are lower. This seems to reflect the fact that the neighboring matrix material is still

completely elastic there and the plastic flow In the matrix has relaxed the stress In these

regions. Because the macroscopic load is pure shear, there seems to be little tendency for

the stress level at the interface to be Inreased by local hydrostatic stress.

5. DISCUSSION

The results presented in the prior section concern finite element calculations for

the plastic flow around a cubic array of rigid spheres. Periodicity and symmetry are

imposed in the calculations to produce states of uniaxial tension and pure shear. The
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results reflect this strict imposition of periodicity and symmetry in the following sense

first enunda~ed by Drucker (11. Consider a large body of perfectly plastic material in which

Is embedded a cublk periodic array of rigid spheres. The surfaces of this large body are

subject to tract!on boundary conditions producing a state of pure shear with principal

stresses aligned with the array axes. Let this stress be sufficlent to yield the matrix material

in the absence of the Inclusions. If a plane can be passed entirely through matrix material

in such a way that the normal to that plane is one of the square diagonals of the sphere

array, then the composite material will also yield at that stress. That Is, the limit load In

pure shear of the composite material in this orientation will be the yield stress in shear of

the matrix material and the rigid spheres have no effect on the strength of the composite

material. The associated limit mechanism could be localized shearing on the 45* plane

passing through the matrix material. Furthermore, the interface stresses would be simply

the normal and shear stresses projected by uniaxial state of stress so there would be little

or no concentration of stresses associated with the rigid spherical Inclusions.

The situation described above prevails for volume fractions of spheres in regular

arrangements below 18.5%. Above that volume fraction, plastic shearing cannot occur on

single planes in the matrix and constraint would develop, elevating the limit load above

the yield stress in shear of the matrix material. Thus, above inclusion volume fractions of

18.5%, there will be a strengthening effect arising from rigid spheres arranged In a periodir,

cubic array.

Now consider the finite element results for pure shear. The boundary conditions

on the domain analyzed ensure that its plane surfaces remain plane during the

deformation. The net foices on the planes are chosen to enforce the state of pure shear,

but the kinematic aspect of the boundary conditions used precludes any prolonged

localized shearing mode of deformation.

It is apparent In Figure 5 that for p equal to 0.127 and less, the composite material

yields at the flow stress in shear of the matrix material. This seems to occur because at the

instant the limit mechanism of flow sets in, localized shearing can occur on a plane at 450
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passing from one comer of the unit cell to the other. After some small amount of strain,

the 45* plane no longer passes from one comer of the unit cell to the other due to the

finite deformations occurring In the calculations. The requirement that the plane surfaces

of the unit cell remain plane precludes any localized shearing on 450 planes since they no

longer pass from comer to comer. This constrains the plastic flow and a hi;!'er load is

required to cause the limit mechanism. This behavior appears in the finite element

results as a form of strain hardening as can be seen in Figure 5. The effect Is really one of

geometric hardening and Is Independent of inclusion volume fraction. However, the

effect in the finite element calculation is also somewhat artificial as It Is tied up with the

pecu liarities of the particular unit cell used, the finite deformations In the calculations

and with perfect plasticity. As long as a 450 plaae can pass through the matrix, it can be

expected that no strengthening will ccur In perfect plasticity of the composite. The finite

element results for p = 0.219 in Figure 5 show a modest elevation of the strength of the

composite material in pure shear above the yield strength of the matrix. Thereafter, the

material hardens at a rate similar to the lower volume fraction materials, so this effect

seems to arise predominantly from the same geometric source as described above.

Similar phenomena as In pure shear seem to occur In the finite element results for

unlaxial tension. However, In this state of stress, localized shearing at 450 in the matrix

requires an applied stress of 2 a, / /VY, about 15% above the yield stress in tension.

Diffuse plastic deformation in the matrix is thus favored by a state of unlaxial stress and as

a result, the cubic array of rigid spheres does provide some real strengthening to the

composite material, since the inclusions disrupt the diffuse pattern of plastic flow.

However, In the case of p = 21.9% and below, shearing In somewhat narrow bands is still

possible and this seems to make it relatively easy for the flow pattern in the matrix to

accommodate the presence of the rigid spheres. As a result. the strengthening effect is

well below the level of a volume fraction effect as can be seen in Figure 4.

On the other hand, when p = 38.2%, the strengthening is around 40% and the

interface tensile stresses on the particle rise considerably above the uniaxial yield strength
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of the matrix material. This reflects high hydrostatic stresses In the thin layer of material

separating particles In the tensile direction. These hydrostatic stresses build up to about 4

times the yield stress In tension towards the end of the calculation when the nominal

strain is only 2.1%. The plastic constraint In the thin layer causes this stress build up and

Its development Is completely analogous to the effect Drucker (1) computed in similar

thin layers between rigid hexagons. It Is perhaps also the effect Argon et al. (7) were

Invoking as the source of high stress capable of decohering or cracking large closely spaced

particles. Note, however, that the gap between neighboring particles is only 1/9 of the

diameter of the particles when p,- 38.2% in the cell model calculations. Furthermore, a

regular cubic array of spheres percolates (touches) at 52.36% volume fraction of those

spheres. A matrix which completely wets and bonds to the particles would then

experience such a high constraint that the composite material would be locked against

substantial plastic flow. In view of this the strengthening effect must rise dramatically

above 38.2% until there is an infinite strength at 52.36%. Of course, this would tend to

lead to interface or matrix failure, but the behavior would differ from a regular plastic

flow of the matrix which can occur at lower particle volume fractions.

The interfacial stresses of Figure 11 confirm that the geometric hardening in Figure

4 for P -0.219 is due to the narrowing of the transverse ligament between particles as

strain increases. It is apparent that with increasing deformation, the compressive stress in

the transverse ligament is depressed while the tensile stress in the ligaments above and

below the particles is relaxed. This seems to be related to the increasing difficulty that

squeezing material out of the transverse ligaments presents as it gets narrower. At the

same time, the top and bottom ligaments thicken and it becomes easier to deform that

portion of the material. However, the depressed compressive stress in the transverse

ligament must be balanced by tensile stresses to ensure a net zero transverse stress in the

composite material. This rera'ireg a general increase in the hydrostatic stress which is

apparent in the relatively stee. -.Se to a relatively flat curve for tensile stress around the

pole of particle. As a re,,ult, a higher axial stress is required to cause plastic deformation.
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This effect Indicates that at higher loadings of particles, and with consequently thin

ligaments between particles, the yield strnsz will be dominated by the constraint built up

in these narrow zones of matrix material. This effect is apparent at 38.2% in Figure 12

where high stresse, have built up around the pole of the particle. In this case, however,

the stresses rise steadily towards the pole and there Is no plateau of stress evident around

there.

It is clear that somn of the behavior evident In the finite element calculations is

dominated by the perfect plasticity of the matrix and the regularity of the cubic array. One

would expect that strain hardening would eliminate the very localized modes of

deformation and so allow the unit cell calculations to be more representative of

macr,-scopic flow in the pure shear case. However, the kinematic constraint in the pure

shear case may still produce spurious effects even with strain hardening since there may

still be a tendezicy for somewhat localized shearing to occur. On the other hand, in the

uniaxial tension case, there would seem to be no reason for radical changes of flow

behavior just because of strain hardening. The diffuse deformation in uniaxial tension

suggests that regularity is not of such great significance to those results at modest volume

fractions of particles as has been suggested also when strain hardening is present by

Christman ertol. (4]

A comparison of the theoretical results can be made with experiment in the case of

silica particle-filled epoxy resin composites tested in compression [17]. The ultimate

strength for the composite normalized by that of the matrix alone is plotted in Figure [141

against the volume fraction of silica particles in the composite material. The values for

ultimate strength were estimated from Figure of ref. [171. The numerical results for the

limit load are shown in the same figure. It can be seen that there is a substantial

discrepancy at the lower volume! fractions. However, at higher volume fractions of

particles there Is an indication of reasonable agreemeni. The discrepancy is probably due

to the fact that the silica particles are not spherical, they are not of uniform size and not

regularly arranged. We feel that these features would be more important at lower
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volume fractions of particles than at high. The fact that the data rise rapidly at around

50% volume fraction seems to confirm our previous comments about the effect on

strength of a very high density o! particles. Also shown In Figure (14) Is the volume

fraction at which sp".1;-;es in a cubic array touch, indicating a very high limit stress in that

Case.

On the other hand, the finite element results presented here are incapable of

explaining any of the data for the plastic flow behavior of certain particulate reinforced

metal composites such as aluminum reinf,rced with SIC as reported in refs. (18, 191. In

those materials, the Increase in uniaxial strength expressed as a fraction of the flow stress

of the matrix material alone exceeds the volume fraction of particulates at modest

volume fractions as In the epoxy compsites. Indeed, Christman et aL (4) also found that

calculations for cylindrical unit cells containing spherical Inclusions underpredict the

flow stress of the cmposite even though they included strain hardening and show a

stronger strengthening effect than we find In our computations. Christman et al. (4) were

able to get agreement between model and experiments by using squat cylindrical

inclusions in the calculations rather than spheres to represent the Influence of sharp

cornered particulate reinforcements.

6. COMPAP1SON WiTH LINEAR HARDENING MODEL

It has become popular to -nalyze t.- strengthening effect of elastic reinforcements

in metal matrix composites by use of a linear hardening model [20-28). This model is

based on an assumption that the plastic strain is uniform in the matrix and that this

situation cannot be relaxed by any rearrangement of dislocations. As a result, the

incompatibility between the strain in the matrix and the strain it the particles must be

accommodated by elastic distortions of both matrix and particle. This leads to elastic

stresses superimposed on the stresses already present in the matrix. By assumption, this

stress cannot be relaxed by dislocation motion and so its associated elastic strain energy
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remains locked in the matrix. This work contribution must be provided by the applied

loads and so those loads rise linearly with the uniform plastic strain in the matrix since

the strain incompatibility between matrix and particles is proportional to the plastic strain.

Thus, no limit load can develop even if there is no Inherent matrix hardening

mechanism controlling the slip of disltwations. The flow stress is then predicted to be

CY = F + CP2r (2)

where p1 Is the matrix elastic shear modulus and C is a dimensionless order unity

function of particle aspect ratio and the ratio of particle elastic modulus to matrix elastic

modulus. This predicts very large increases of strength with plastic strain. As noted

above, this model is sometimes used to explain the flow stress and hardening behavior of

metal matrix composites .20, 22, 23-28).

The model outlined above is only viable If the matrix plastic strain is in fact
uniform in practice. This situation can be envisaged in a narrow set of circumstances in

whch the size scales are relatively small and the ability of dislocations to slip in arbitrary

orientations is limited. The smallness of the size scale would ensure that there could only

be a few dislocations present in the matrix near the particles so that there would be a

limited potential for any relaxation deformations to occur. The limitations on the ability

of the dislocations to slip in arbitrary orientations would make it possible for elastic

stresses to build up in certain orientations not favoring dislocation motion. Although the

size scale and crystallography in which this situation occurs Is not precisely known, in

general, it is probable that the particles have to be submicron for the effect to prevail. In

the case of larger particles embedded in a polycrystralline matrix, the mobility and

availability of dislocations and the fact that the spacing between slip systems is very small

compared to particle size mean that dislocations can readily rearrange to relax elastic

stresses which exceed the stress capable of moving dislocations. This will keep the stresses

locally down to levels which are determined by the inherent hardening of the matrix
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independent of the large elastic particles. The plastic strain will also be markedly non-

uniform as a result of the dislocation motion. In view of this, It must be Inappropriate to

model the strength of particulate reinforced metal matrix composite materials by the

linear hardening model when the particulates have a diamettr larger than a micron.

Instead, the appropriate model Is related to the calculations presented by Duva (2),

Christman et al. (4) and by us in thIs paper, i.e. where inhomogeneous diffuse plastic flow

occurs around reinforcements embedded in the matrix. The rather weak effect on

strength computed at low volume fractions in those results suggests that flow Inhibition

by particulates Is not a p.o.nio,,1ag strengtheiiing strategy. On the other hand,

experimental data Indicate that large Increases In strength are apparently caused by

particulate reinforcement ,4, 7, 181 and these increases cannot be explained by flow

Inhibition models alone. However, the actual matrix properties must be used in any

comparison of strengths rather than the'nom!nal properties of the matrix material when

not in reinforced form. These properties can be very different (29), with a considerably

higher strength occurring in the composite material matrix because of accelerated aging.

In addition, thermal expansion mismatches and actual reinforcement geometry must be

taken Into account. F.rhernmore, careful and critical comparisons between hypothesis

and experiment must be carried out such as descrbed in ref. (301.

8. CONCLUSIONS

Calculations show that modest volume fractions of rigid spheres arranged in a cubic

array have little effect on the strength of a perfectly plastic matrix. The increase in

strength in uniaxial tension as a fraction of the yield strength of the matrix is predicted to

be about half the voluine fraction of inclusions present at volume fractions below 25%.

At around 40% loading, however, the fractional strengthening equals the volume fraction

of particles.
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In the low volume fraction cases below 25%, the interface stresses between the

matrix and the inclusion are modestly elevated compared to the matrix yield strength. At

40% volume fraction, however, the peak Interface stress rises to 4 times the tensile yield

strength when the macroscopic strain is 2.1%. These stress elevations are caused by plastic

constraint.

Unit cell calculations for pure shear in perfect plasticity could be misleading as

predictions of macroscopic behavior because of the symmetry and periodicity conditions

Imposed. BlDow 20% volume fractions, the calculations are Interpreted to confirm that In

perfect plasticity there Is no strengthening. Above 20% volume fraction, the 450 shear

bands are inhibited by the particles and a very small amount of strengthening occurs.
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FIGURE CAPTIONS

Figure 1: The two macroscopic stress states examined and the coordinate system used

in this paper.

Fgure 2: A unit cell containing a single rigid inclusion embedded In a cube of

plastically deforming matrix material. The shaded lines indicate the five

symmetry planes for a loading of uniaxial tension.

Figure 3: The finite element mesh used to model one sixteenth of the cubic cell.

Figure 4: The macroscopic true stress rue strain behavior of the cubic cell under

uniaxial tension for different inclusion densities.

Figure 5: The macroscopic true stress-true strain behavior of the cubic cell under

pure shear for different Inclusion densities.

Figure 6: Contoutr plot of the effective plastic strain ' in the cubic cell. Development

of the plastic zone around the inclusion under uniaxial tension for p = 6.5%

Is shown with dark lines. The view is the cross-section of the cubic cell

shaded in the figure inset.

Figure 7: A contour plot of the effective plastic strain E' in a cross-section of the

cubic cell under uniaxial tension. The level of macroscopic plastic

strain E, is 10.0% and the inclusion density p is 6.5%.

Figure 8: A contour plot of the effective plastic strain E' in a cross-section of the

cubic cell under uniaxial tension. The level of macroscopic plastic strain E.

is 11.1% and the inclusion density p is 21.9%.

Figure 9: A contour plot of the effective plastic strain 9" in a cross-section of the

cubic cell under pure shear. The level of macroscopic plastic strain E,

is 9.0% and the inclusion density P is 6.5%.

Figure 10: A plot of the normal interfacial stress at the surface of the inclusion

versus angle 0 for uniaxial tension at various levels of macroscopic

strain. The inclusion density p is 6.5%.
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Figure 11: A plot of the normal interfacial stress at the surface of the Inclusion

versus angle 0 for unlaxial tension at various levels, of macroscopic

strain. The inclusion density p Is 21.9%.

Figure 12: Same as Fig. 11 but p =3S.2%.

Figure 13: A plot of the normal Interfacial stress at the surface of the inclusion

versus angle for pure shear at various levels of macroscopic strain.

The inclusion density p is 6.5%.

Figure 14: Comparison of ultimate compressive strength for silica particle-filled epoxy

resin composites with the theoretical predictions.
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ABSTRAC~r

The rracture or a fibrous and a particulate mttal-matrix composite have be en studied as a
functita or confining pressure. The fracture was round to occur by the accumulation of
damagv caused mainly by the fracture of the reinrorcing phase. The mechanisms by which
the damage nuclete.q and grows, and links to form a final railure surrace, chenges as the
pressure i3 Increased. These mechanisms are described and their consequenice fr alloy
development Is discussed.

1. INTROD)UCTION
It Is well established that the application or liydiostAtic pressure during deformation can
influence both the damage accumulation rate and the final rracture mode. Investigations
have been reported on the behaviour or various metallic mate rials (ste frtexa mple. Teirlinck
et a!. 1988) and on polymer. matrix fibre co mposites (Parry and Wronsi 1985,19861, but none
to our knowledge on metai-matrix composites.

Compoites represent an Interesting class or materials from the viewpoint of their pressure-
depende*nt flow becus, In addition to the problems of damage accumulation due to dilatant
behaviour, they may contain residual stresses and Interfaces whose behaviour may be
dependcnt on the hydrostatic pressure.

In the current %tudy, the Influence of hydrostatic pressure on the rracture behaviour of two
metul-matrix composites has been examincd: (1) a directionally solidified Al 6% N1 eutectic
alloy containing aligned A13NI fibres In an Al matrix, and (11) an Al alloy containing SiC
purticles. Our oboervutions are discussed in a general context of the competitive damage and
fracture processes whch may occur In both fibre-reinrcrced and particle-reinforced
composites.

2. D)AMAGE AND) FRACTURE PROCESSES IN COMPOSITE MATERIALS

Fuiii~rc of composite materials generally occurs not by sudden, catastrophic propagation of a
single crack, but by a more gradual process of damage accumulation. 'Fhe damage may
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originate in the matrix or in the rcinforcing phase, Various possible damage mechanisms are
described below. they are based on direct observations described in the next section,

The sequence of possible damage processes in composite materilsg containing tong brittle
fibres in a ductile metallic matrix is shown schematically in Fig, I Plastic strain causes load
transfer to the fibres. and damage develops in the form or fibre fracture. this appears to occur
throughout the composite tStage I) The damage spreads in a number ot ways deptnding on
the current stress state and on the relative mechanical properties of the matrix and the fibres,

II iII

-4- Sequenc of da mag~e events leading to

fracture in fibre composites.

If. for example, the matrix yield stress Is sufficlently large and the fibres are closely spaced,
then the elastic stress concentration Ir the plane of the crack may result in fracture of the
neighbouring fibres (Fig, l(a), Stage il). The damage then spreads in a planar fashion,
progressively Increasing the load carried by the matrix until ultimately the ligaments
between the cracks (all (Stage 11). This process Is favoured by large hydrostatic tensile
stresses.

If on the other hand the matrix yield stress is very much lower than the fibre fracture stress
and the work hardening rate of the matrix is low, then the additional stress In the matrix,
resulting from fibre fracture and the corresponding load re.distribution, may cause strain
localization ahead of the crack tip (Fil. l(b) Stage il). The stress concentation at the tip of the
localization aids In the fracture of neighbouring fibres, causing the damage to spread along a
plane in:ined at approximately 45' to the tensile direction.

When the hydrostatic pressure exceeds a level approximately equal to the ultimate tensile
strength of the composite, an alternate process may occur (Fig. i() Ihere again damage
inititally Invcives fibre fracture and the damage may spread by a cooperative mechanism
(Stage I1). But now the net axial stress is always compressive and the tensile fracture oftthe
matrix, shown in Figs. I(&) and (b), is Inhibited. Instead, the softening effect or the dilatant
dimage results In a macroscopic strain localization (Fig. I(c), Stage III) similar to that
frequently seen in single phase ductile materials (Teirlinck et al., 1988) This strain
localization may be accompanied by large rotations of the fibres which can also contribute to
softening within the deformation band, as described later.
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This seewce of "itb damage proese In paicle rtintvtd metal. matrix compositors is
shown schematically in rig. 2. The ft"ur 0hows a rwatr'.cctwre containing boh coars
rtinforeing Wtti anM smaller precipitates or Inclutiom s a mettucture tpeenrtalvi
of thet AI.SiC composite toaamd In the present studlyl. list* the damoge prcewe. may
Initiate either at the reinfercing parties or within the matrix, rar tximpi,, the large
particles may fracture (fig, 21 all or debonel from the matrix Willg 2ibll Upon furthetr
straining then damage tventa may Wpe.d In a manner similar to that doscribe for fire
coenpositto. until ultimaittly the matrix fals by tither a ductit oor shear mode flowevr ,the
constraints tered by the nion~deforming partcls can generate large triaxial teniimni in the
mirix.cauing damage In the matrix lathe f"ni ofvei growth or shear cracks (Fig 21c1 and
(4)), otionat~ng at the smaller particles and Incluiona and which spreads by a process which
Involves particle fracture or Ileahetlen.

The virletie dampg ad htiature proceaueo describedl here aft usedl as a framework to
1 CeerAb the froctare behaviour at the Compoeibes examined In this study.

.4 -8 .. __ I . ..

140 PaA"CL kociut lei 0PAU FRACUME OFMAI

481. W:P:4W4W

FIg. 2. Sequencs ofedamage events leading to fracture In particulate composites.

3MATERIALS AND EXPERIMENTAL PROCEDURES

The A].S%Ni alloy was produced by Akian International and was subsequently directionally
solidified In a Brlgeman-type furnace at a rate of 3 cm/hr. The tesulting mlcrostructure
consisted of 10% aligned AIVNI ibres In an At matrix. Most fibres wert approximately I Pm
In tCIamter and spaced -3 prn apart. Region& containing coarse fibres, -10 prn in dimttr,
were also present.

The AI.SiC composite was a commercial Dural containing -20% particulate SiC In a 2014 Al
alloy matrix. The average particle size was 13 pm and average aspect ratio ma-asured In the
plane containing the tensile axis was 1.23. However, a significant fraction of the particles
(-5%) were larger than 40 ym or had an aspect ratio greater than 3. The material was provided
by General.Motors and was tested In the extruded condition.
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Tensile tests were conducted on cylindrical samples using superimposed hydrostatic
pressures up to 7 .00 I a The deformtion and fracturt beha~s.'urs were studitd using
standard fractographic and witaliograk-¢ trcintquts on both samples tested to failure and
iat"lCS from intrrupt tstu,

4. RESULTS AN) I)ISCUSSION

4.1 AI.Ni alloy. The Influonct o(h)dtostti poesure on the ductility of the AI..ti alloy
is shown in FI. 3 The fracture strain increatc d rapidly with presure up to -350,\I Pa~bcytnd
which point it was Inenditivt to prtsure Thts critical pressure is npproxim tely equal to
the ultimnae tensile strengthofthe compoastt

-, .I 0 3Fi. The influence ofh)droitatic pressure.

/i composite.

P (Mft)

Thes recults suggest that at low pressures fracture Is controlled by a strongly pressure.
snstIv, inechanism (that is, a dilstant mechanism Involving microcracking or void growth)
whereas at high pressure it Is controlled by a less dilational mechanism, The fractographic
and metallographic observations confirmed that a chanie in fracture mechanisms occurred at
a pressure of around 350 .Pa. Typical fracture surfaces orsamplts tested above and below
Oa preew an shown In Fig. 4.

Fig. 4. Fracture surfaces of the AI.Ni composilte tested under hydrostatic pressure orflu

175 MPa and (b) 525 iP& (30* tilt).
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Th. influenctit ptitsurt on rcuwcopuls

Tbs fratu@ aufficelo etamplts test~ed At low prittsurtsuvrit inclits at -45' 1. the Itnsal
dirtcli4n And e~hibittd a dimpled appqranct A fructu.-4 A13N1 fibre was located at the

cente o~~tchdampe Th (raluropr hi hs Ocirtute eegimt Invol1'ed the cooptralit
'Ptad 411141re (raCtwre$ tMildr to that 414w n *411~tMUMIly %fn V& ItbI

The (trer.eofantstewd ath ahraelrt etlaIllft 4 4&t t
tenia drotmia. but tAhibitcd 4~rgv as4kiv rdtimis %t~th only very ftwr (rocturod fibrtit
tnmttn tht fracture sur~co Tht fracture prmses in thai premurt regime was v@acidt
by #%r nftg vittroal surficts And toottitudirnAl sections of both frictuttd aid imcrrupWt
$Ampli. nth itmnu leadingt (ticture Act shown In F41, 5 ikid 6. andI can be dtscrled in
the followlilt ws7

Fig. 5. Lorgaitudinal section through fractured AI.NI samplet listed at 690 MPSe
presisure. Ntttifstrdfbe n h usqetIwr o fteMti

-~~~( arrows)t, r' ~ ,

a b

Fit. 6. Lonjitudinil sections throu~gh ANI tenstile semples tested aat 690 MRa pressure
(a) Interrupted ut t= 0 08, (b) Interrupted at c 0.2. and let Fractured Note
the development ofthe %train localization and the corretponding fibre rotation,
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At small plastic strinscO 03) the fibres began to fracture The lag tessdrtpdin
the mAtrix aheAd of the cruck tip ciuscd fibre-matrix debaniding over lcn4ths (it -0, 1 pm M~ g
Vi Thin to r*-h3;ed voids wtre alo formed in the Matrix ahetad ofthe cracks. llowever.
upon further smrsinint, the fractured fibres ends separated and tht matrix flowed inward
between the fibre endA the hydrostcs presurt suppresfes, and ultimattly re'erses the
diliuorssl damage which leadls to fracture at lower pressures. Althouch the crocks formed In
the bulk of the material were unable to link or to propagate. cracks located near the external
suiface were able to link up with the surface via narrow theAr cracks M~g. Glall At the tips of
someof the it shtsarerstks. the strain btcame locals sd inta coArstdeformation U nds1(-200 pm
wide) which propicsted stably Into the bulk of the material (Fig, 61b)) Within the
ddormtion bands, the strain was sumlcnrtly large that the fibrvs were rotated away from
the tensile direction causii seomestic soflicning ortht band until a critical polint('30'.401) at
which frActure occurred along a path through thei Al matrix (Fig. 6CO). As at result very few
fibre* were seen on the fracture surface.

The shear fracture behaviour of the Al.Ni composite and the corresponding saturation in
fracture strain &t large hydroitAtic pressures may provide useful Information regarding the
limits of piaa~c strain which can in general be applied to fibre compoites prior to instability
and fracture. For this reason, it Is of inte rest tot examine the nature of the shellr Instauslity in
the AI-.Ni composite in more detail,

During tensile deformation of metallic materials there art generally two processes which
promote shear localization. They are (i) a decrease in work hardening rate and (11) an Increase
in dilatiotnal damage with plaitic strain (Yamamoto 1978). In fibre reinforced composites, an
additional softening mtchainism, caused by Cibre rotation must be considered Fig,? shows a
PlOtofth* tensile stress required todeform an elernentof the Al.NI composite in simple shear
on1 a Plane at 45' to the tensile direction, against the local fibre rotation. For simplicity, the
fibres are assumetd to be Infinitely lonic and rigid-plastic. the matrix Is assumed to be in plane
strain and the composite flow stress is written In terms of the simple rule of mixtures The
Plot sU99eat that beonrd a critical rotation (-14*) the not hardening rate for simple shear
deformation (neglecting any dilational dasmagel) Is less than zero, Therefore, shear
localztion infibre composites may not only be innuenced by the work hardening rate of the
matrix and the dilational damage, but also by any relatively small fibre rotations or
mlsaritntations,

Fig.?. Tensile stress required for simple
shear deformation of AI.NI

composite.

F"OR ROYATaO.
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42 AI-Si( coiwpeslle. Tht effect of hdrotti pressure to the ductility of the AIC
composite is shovn in Fig.* The fracture strain was strongly preasure-depetitientww~ th.
entire pressure raig

- P~ig. S The influenceofhydirostaticlpressure.
*p. to the fracture strain, %r of the At.

siC cmposito.

The origins of frocture In At-SIC particulate composites have previously beent suggestd to be
either the fracture or decoheslon of(the SIC particles (Lewandowsi tt ai 1N7 rkfilure
within the Al alloy matrix (You et at. IM). as shown schematically In fig 2. To, distinguish
between fragture and dacohesion of the SIC particles In the pesent study, matching fracture
surfaces wetretafefuilysiexemined. Fig. 9 shows an example of matching fracture surfaces.
where the corresponding letters on the micrographs show matching halves of fractured SIC
portlcles , piaticle. matrix decohesion was rarely observed, Longitudinal sectionii through the
fractured sample, also revealed a number of fractured psrtices below the fracture surface
(Fig. tO). Particle fracture was often associate with the mnore elongated particles which were
aligned with the tensile direction, There was also evidence below the fracture surface of
cavitation at some of the small Intermetallic particles.

The only observed change in fracture behaviour with pressure was In the mechanism by
which the matrix failed. At low pressures tho mechanism was one of microvoid coalescence.
as evidenced by the dimpled fracttr surface. At the higher pressures the matrix failed by a
shear mod*. At all pressures, however.! . was; difficult to ascertain the order of events. leading
to fracur, i.e.. whtbere saMmais a~lheI Wileeparticloe sre.

Fig, 9. Matching fracture surface s of AlISIC sample tested at 490 M Pa pre ssure.
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;,I I -r 4 A r %as

I m

In order to etermtine whther compOsitte fracture was Inittsted by fracturt of the SiC
particlis. the tensile stress sn the S C particles at the point of composte frActurc wit
estimated using Eihtlbjs equivalent inclusion mcthd tlhiby. 19Ssa The parti sle wire

ssum lto I 41S lte ellip.oads with Mn 411?ect r41o -f 3 ithAt Of tht more lontated
particleni in A natrix which was sub;tcttd to a far filid temlofs plus a h)drailttc pre"ure
Th* calkulatitns only account for th elastic compontnt of'strain. the iternal itretses which
arts from the plastic strain Incompatibility at the u nnble particles arx netlltcted, lt
result sere then used to predkt the composite fracture stretl assuming that composite
fracture occuwre when the tensile stress in the mewe alongated particle$ reached a critical
value rtequired for brittle fracture. I, the largest, meet elongated particles, were assumed to
be the weakest link, Figure I I shows the predicted .-wrve along with the experimental data,
The pr licted curve w" normalied by the composite fracture strew at atmospheric presiure
such that the prtsurt.dependencies o( he predicted and measured fracture streises could be
compared, The predicted curve shows that thi far field tension required for Particle fracture
does not increase with pressure as rapidly u wuld he predctd by a critical mwrosic

tnslon (shown by the line of slope 1). However the predicted curve still exhibits a pressure.
dependence which Is greater than t)at ofthe measured values.

" F:C,11, A plot of the experimentally
measured and predicted fracture
stresses of the AI.SiC composite
against the hydfolatic Pressure,

The discrepancy between the predicted and measured values may be due in part to the
internal streses which are developed during plastic deformation, The Internul streses in the
undeformable SIC particles are tensile and therefore further promote particle fracture The
average value of Internal utrets may be measured at small plastic strains by conducting
Bauschinger tests; however, the results of such tests may not be repreientative of the local
Internal stresses at elongated SiC particles or within particle clusters where the dimage
process Is most likely to initiate. p~rticularly at the level ofstrin at which failure occurs In

524



*Wdill", the undittlyinig alsoumpiena In the eqIivakat~ Incluelon calcubions. namely that
the volt'me fraction SC pirtes is small an %M1, the pankiles art ellipsoidal. may meult In

In light *( the compiexlia lnvolVed in evaluating the ptres distribution in the composIte
material. Itisi clal4ifficult to o~llh a simple fracture citria which involve, A critical
veAn lits$ or lsin Niver~iet. our Observations and approximAto'calculotions
sugtpt thrit compo4tt fr?&cure is initiate. by a process which Involves brittle fracture of

In et o btto unetsandthe rle Ornatdx failut incompsite fracture. we art currently

studying the effect sipreseure on tefatr eiiwoteA le arnisl.Hwvr
in a concurrent study O~a iC whitker-reinlorcod At alloy, Yasuevan et ci. (IMO) found a
strong pr"uttepondeace lo the fracture sain o( the compsilte material adalmost no
pretw-9 o penidenc In the fradtr sAin SC the At alley matis Itself, This resut pmWvde
further evidence oScwepoite fr~durt that Is initiated by damage In the reinforcing particles
rathtethan" within the matrix but. as pointedi out by others illunt, 4%, &L, 1947) this may not
6u the cawe Cothigher vlume fratil"Wofrelmtforctmen..

&.CONCLUSIONS

The behaviour *(At based meal-matrix composites under superimposed hydrostatic presure
revalsa vrity ~daa 1 e ad factreproeses.In the cose SC fibreeinferc*d compoteo,

fa ilure at atmopheric pressure occurs by a serit o( fibr" fractures followed by ductile fallure
of the matrix At large presure. failure occurs by a sttain localiation which is acclerted
boy beth ilatior due to fibre fracture and softening doe to fibret rotation. In the cast of
partenklord composites, failure Is Initiated by britl, fracture or the reinforcing
pankleo.

Sudits SC the preoeurdstpendence SC ductiiy may be useful for defining the critical
paramettrs. such as reinforcment site, morphology and degree SC particle aggegation, which
control damage In~itiation and evolution In metal-matrix composite,
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I. INTRUCTION mechanisms intersect. Then. as the stresn state is
changed, the dominant fracture mcode (charactered

The plastic behaviour of metals depends only 'seakly by the innermost surface) may switch from one
on hydrostatic pressure. For most practical pur poses, mechanism to another. We rhow, below, that as
metals yield when the efftiteU stres many 3s four mechanism chags can be idetntified

- ((',#2? (fs' +u,-~)~Ia: (j) for common Alloys at room temperature.
In this paper we simplify the problem by consid.reaches a critical value. the initial yk im"trs. a,. trint only the axial loain or cylindrical tensile

Fracture h- different: when voids nucleate and grow. samples under superimposed hydrostatic pressure
or when cleavage cracks nucleate and propagate. the and of notched samples at atmospheric prenutt.
volume of the sample Incceases. Partly because or These provide a wide range of axisymmetric stASs
this, the processes depend on both d and on the mean states over which fracture can be studied. Fracture
lima5 mechanism maps ame constructAl for five enganeerin

or. - (0 + : +as)(2) materials in d - o space and compared to niaps
(which. of course. includes any superimposed hydro. previously constructed in 'I -p space 11).
stain pressure. p) and. somectimes. on a third inde-
pendent variable of the stress state: the most logical 2. sumt~s croATs IN CYLINDRICAL
is the maximum (most tensile) normal stress. a.TEN'SILE SAMIPLES

For eatch mechanism, a surface exists in stress space The stress state ina .s yl'ndncal terlsile sample prior
at which failurs by that mechanism occurs in propor. to necking is one of uniaxial tension plus any super-
tional. monotonic, loding: stress stateit inside the imposed hydrostatic pressure. p. Once a neck forms.
surface do not cause fracture whereas it-ess states on there is an additional hydrostatic tension, o'. which
the surface do. to geneiial. the surfaces for different varies across the sample section. A similar stress stace

is found in a cylindrical tensile sample: which has had
tPresent 3ddres: Cegedur Pechiney Reserch Cetaire. BP a circular notch machined within the gauge length

L7. 383.10 Voreppe. France. prior to deformation. Since the stress state in the

1213
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sampkeclearly influesicts the fracture behaviour, the and
ellect o(specimen Scometry on stres sut~t is woviewd 0. *.- Jir,, +f (7)
here.

The 3dditionil hidrotatic tension in the plant or .

a neck or notc~h (21 ts 3. SICHAN-*

In1 I + -3 We consider the folowng mechanisms
I 2se t Mni, ad (a) Plasikedwe (Fill. I). If no other mechanism

%sherce u.., itthe current flow streit. a i the Minimum Inevns ductile material loaded in axial tension.
sAmple radius. Rui the radius of curvature at the neck or In 3 .tal tension with superimpoWe presmurc. fils

~rntch and r is the distinct from the ivntre Along aPfCpltewyThmicalildatra
the plan.- or the necL. In unnotched samples arudI strain.s.i l~%J~ tanIo.l~si tcnce
man found that it- %%-Ass mainly dependent on the
strain beyo.-A nedokng, I.e.

TA(A)

%herv t,, is the strain at the onset of netcking and k a a \ a
is a constant 20.31 Sinc fracture Is Initiated near "

the centre or the sample. we only consider the stress - - 7

itat at r aO0 Thus. from equations (3) and (4) we get

in pirc-notcwe samples. the variation of u.2R wsith VE*. .A! C
%trwin is not as %imple as that given hy equation (4)
Nerc th.,re is an criect or the initial notch geometry l
anid the work har~ieninS behasiour or the material 131.
High %ork harderring rates and high values or
W,.2)0, tend to cause notch blunting during the
initial stases of deformation. i.e. there is a decrease
in it 2A %ith ' Conserscly. for low-work hardening
rates And 1--aw valuc., of (r 2R,,. the notch develops -

similarly to a neck in an uninotehed samtrpit. Here we
can use eq~uation 1J5 in %thich i., - 0 to describe the .

change in notch geometry %ith strain. For inter..
mediate notch gomtriesnc. i.e. wit2R) 0O.S to 1.
o.2R remain roughly constant up to riracturt. In thii
east the hydrostatic tension can be approximated by i

~n studying the deformiation behaviour of a
pak ,ular material, it is best to monitor the neck or
noti geometry during straining in order to evaluate ~
the stress state. Howiwetr. in our modelling or stress
states in notched sumples. and their effects on frac. i
ture bchasiour. -Ac ind that the fracture conditions
c'an be adequately descd by assumin; a 2R rt.
mains constant to fracture. Thus %t use equation (6)
to Cstimt the h)drohtatic tensile stress.

Here we also find it useful to define a hydro:tatic
stress. a". in a sima~ar way to that of Goods and
Brown (41 The hydrostatic stress includes any super.
imposcd pressure p. and the hydrostatic tension. or.
due to a neck or notch, but not the component due Irf
to the Ilow stress i,.lf. In this context the hydrostatic tb
stress is not the same as the mean stress. a,. the two Fig. 1. (a) Schematic representation of the purely plAstic
quantitics are related through the expressions railure mode. Itis ravoured by high confining pressure (b)

Mascrophotograph of 7075-T4 alumniniumn alloy loaded in
am Ir-Or - Paxial tension with a confining pressure oratom OPac
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(a) (b) Ckemg mod britik inrexrmolvrrie (Fig.
~ 2). ir the intrinsic rtrusre, toushneils or a material is

then slip may noule cracks (across grains. at grain
P P boundaries or at seond-phuse particles). If the stress

- ~is suffKient to cause one or these cracks to propagate.L~1 ~ ~ ,/l a brittle fracture follows. The fracture path may
~JJ J ~ ,jJ follow cleavage plaiws; within the grains, or may

follow grain boundaries, depending on which path

NUCLEATION CLEAVAGE 0-6 BRITTLE has the lower toughness. This mode invol%es opening
of cracks, and is strongly pressure dependent (Section

WI Duuk Ia~iwi tug 1) Inyinccring .slltmri
contin tiwluslons or patuks. After a plisti. strain

06*

Fi% 2. 1:1 Schematic representation of ciesavale and or
britle intcrgranutar fracture. (b) Micrograph showing the
intertir.inul.ir brittle fracture or an AI-3.6% Cu aiisym.
metric tensile sample. (c) Cleavage fracture occuringl in an

Fc-i.20% P alloy broken in misymmetric: tension. on

region. After a further strain (of general order 1) the Fig. 3. (a) Schematic diagram showing the nucleation,
section reduces to a point or chisel-edge or zero growth and coalesecnce of voids leading to ductile fracture.

secton.Thi pucly~lasic ailre hs n voume(b) Macrophotograph of a tensile sample of spheroiditedsecton.Thi puely-lasic ailre hs n voume1080 steel which has failed by ductile fracture. (c) Micro-change associated with it, so it depends only very graph showing damnige development in a 1045 spheruidized
weakly on pressure (Section 3.1). steel sample broken in axisymmetric tension.
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neck) favours this sort or fracture, and 4sufficiently
lappreissurei can sp eit(SeO"n 3

* * * (d) SW~fr~e e or ,wW'sheetii (Fig. -4), Under
the light coaditons, Voids whic nucleate in a s
bond reuethe load-boaing are ofthe band to
much that flow localimc there. Further shear on-
creases the area of tho void in the shear banid. until
%cparotion o1ccurs in the plane of ;t band. Voids
A ihetn AInp *hea[ need not increase in 'wIpmw. so

shear fracture is less pressure-dependeint than ductile
VI10 V1.0 SMA fracture. though it remains more pmesure-deperndenit

N~.WA1I F~aYi thin purely-plastic failure (Section 3,41
131 For each mechanism a relation exsts bcottrie if

and irat failure. Thes relations dctint f~alure sur.
faces On a diagram with dl and 11.4 -3C sNet 1 141%
41111idcr each mcchanitm in torn. c.tmining~ thc:

appris.mmate form of the l - r. relauiin i~t i'aaluw.
-. Thc iymbols used in the tex .are lowtd ini T.:hi I

3J.. Plailk ruiere

Plastic flow occurs when

W'ork hardening :,uw the :.icld ilrc%% to, inicrcaw'
-Aith the ctirctivc plasitiL strain, tAt aiitmplicri%
pressure the strain depenrdence of the )1yietrms casn
be approximated by a power hardening relation ii
the form:

w~here .4 and mi are wsork hardening contanti
The yield stress also depenidi ise.%kI on the prc%.

sure. p (the effect derives from the tillit of preo-ure
on dislocation motion 0.6)1 The shear strtik. r.
required to move a dislocation at fircivure p. i%
apptomimately

1A Ahr 6oan 4G are the shear stress required fo~r
dilocation motion and shear modului. re~jviet~ly.

I * p ~ at atmospheric pressure. Generailly il(; dp -t 2 hor
I VJ cubic metals 171. Filture 5 Ati%% thaii this .ipproi.r hmataun ii in goodl agireement -iali ex pertnowImnic m.i.

I ~%urcinctist. Eq4uaalon% t04) and t9i tmii thten K-. co.iil
~ ~ $ bncd to obtain a prcsomte-delviuit pni ;ocr

.trdcning law

()The yil byra tler an equialeni strain. c. is
drainggiven by d - Lua,.((.p). In part.-culir, Ac define the

mechansm. ()Macrophotogiapsh of a 7075-T4 samplewhich has failed by shear fracture. (c) A SEM micrograph
of the sample shown in (b). showing thet void sheet d -a Gl7 (Il

mechanism leading to shear fracture J
where vQ is the initial yield stress in an unnotched

(vw voids nucleate at inclusions: further plastic strain sample with no superimposed pressure.
causes them to grow in length and volume until they Necking under multiaxial stress states can he com-
link to live a ductile fracture. The volume increases plicated. For the axisymmetric stress state we con-
as the voids grow, so a hydrostatic tension (as in a sider here. however. it is straightforward. Hydrostatic
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t1't1 )het gre', ro4wle to Mcoc 3 J!t*0,ail'0fc tat inc W"Afcialce Wrt) iMPs)

presurt influences necking only in w tar as it ;AnM from equation (10). the corresponding true Siress
changes the flow stres slightly through equation (11). is
The stress at the Onset Ot necking. fSK,, can then be
evaluated from the Considkre criterion winA (I + mr l .J

(12) Alternatively. it the plastic rupture strs u o at some
(IC -pressure p* is known., then the stress for plastic

From equations (10) and (12) %e find that rup~ture at any other pressure. p. is

andK (13) .IEl ((P](S

U~i um~4 [I+?] l 3. Clem-age fracure and bruttle Liergranular frac.

ItnootertrctremehIsmitree.t Most crystalline solids wilt tail in a brittle manner.ir n oter factre echaismintrvens. hen either by tranigranular cleavage or by brittle inter-necking ultimately leads to failure by purely plastic granular fracture. it the temperature is sufficiently
rupture. We suppose that, once neeking starts. flow low or it the hydrostatic tension sufficiently large.
is localized in the region or the neck, and that 3 I. Nucleatin. Many brittle solids-most ce.
separation occurs after a further local strain. li. or ais otntne-cnansalcak asdb
order 1. The strain at the onset or necking is m. so abrasion, corrosion, or growth detects. Intrinsically-the strain at final separation is brittle metals--the b.c.c. and h.c.p. metals and

(Zt I +m alloys, tor eximple--may contain such intrinsic

AM 1--&
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wAhere AK 11 the frCtut t1sihite of 'he mateWa
~ ,, ,~ and C. it a constant near unlty, For aiiis~mwtri

scribed by

105 1 controlled britite (racturr- It it importmnt to nutt that

0., a I tions (16) and (101J must be satis~led in order for

"::&4Iv,~s~*-t- ~ ' britit fracture to take plac.

Fag S. A diagam showiag the effect of pressure oa the fow the nucleation. grWth and linkage of voids. Itiving a
tes of 3all*) s, Here at , K Ilkth ratio of the how sit"% u p-n-iwfatr na~mrcrctrm odundf ros" A o that atp P n at the Nine ruastic strain cpin~oefcuei atyrcrctnin od

The lntrap~mouimo us in jood agfwit vohte nucleate at wonId phabc particleS, grow by the plastic
ciperimntat1 data strain of the surrounding matrix. and link when their

size is such that inteaction with neighbours becomes
strong.

cracks, but event when they do not. twinning or slip 13.!1. Void noickarion. We describe the nucleation
can cmaite them. Generailly speaking.,rcstu of voids by using the methodl of Goods and
nucleated have a length. 2c. which scales as thet grain Brown 141. Nucleation occurs when the local tensile
sine. Thus below the ductile-to-buittle transition tern* stress at the particle-matrix interface reaches a
peratue grain-Wied cracks nucleate as soon aste critical value. el, suffociet to CAUse porticle-matri
yield strms is eacedd. Then the nucleation condi. decoheslon or particle firacture. The stress at the
tion is simply particle is that due to local work hardening. ow.

4 * ,. 16) (which is always larger than the geneiral rate of work
hardenn because of the spocially denae tangles of

If the fracture toughnessis sufflcstently low, one of the dislocaions at the particle) plus the hydrostatic
cracks will propagate unstably immediately after stress, og. The nucleation condition can then be
nucleation. causing fracture. The fracture stress will written as
then be the same as the nucleation stres. This (9
fraicture mode is consequently referred to as it+(9
initlatlon-controlled brittle fracture. In materials with The stress e,. is determined by the local dislocation
higher fracture toughness, the cracks are not initially density. p,,. at the particle-matis interface. In the
unstable. But as work-hardening increases the Nlow absence of recovery or other annealing effccts, p"~
stress new slip-induced cracks are nucleated and the increases proportionally with strain 11, 91. Then ir ur,
stres ultimately reaches the level required for fast is proportional to Gbfp/, where b is the Burgers
propagation. vector, the nucleation strain is

3.2.2. Crack propelation w.d fracture. Onec of ther
cracks propagates, either by transgranular cleavage (V%. 1 ~ 20)
or by ain intergranular path. %hen the Griffths J
criteron Is satisfied. In simple tension, this requires %here C, is a constant.

If nucleation occurs prior to necking, then
ell- -p and the nucleation condition can be written

____________________________________ as

titile fracture it possible when all three principal sitsse ImT11
are compresnt~. but the failure criterion is more conmpli. t~ t I
cated thin equation (18) tme Ref 1X4) Such fracturesL I
are found in ceramics, rocks And minerAls, but rarely in where t' . is the nucleion strain at p =-0. The
mews81. nucleation condition can be rewritten in terms of the
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Now Surm uWg equation (10) ~rr readies a critical Wooli I) Fro thos aimo
~ ~ 'H 4] we cn irvoluite the tinctu straik .. ~. at ui

evvtelN +L 4t 12)presnc. P. ini term of the fractue strah1in. at e
I Si [ a]p - 0, The fracture sin cart then be converted to a

Wherre f~ ONis the nucleation stress at'P no, stress throagh equatwo (10), The ductile fracit
If nucleation iocr after neckng. o" must inclde surface for materials with kow work hardenino ex.

the hydrostatic icrosile suess. of. due to the neck. as pais (wn *0.1) and which do noot wtdergo exten.
well as the superimposed pressisfe. p. F~rom equations ulvit neking is givent 3ppfoxtmatety by
(5) and (' 0) the isucleation condition it r Ie- -r a

- d~~ud.I A-~JI+.J (6
( ~4 1' het 4, is the fracture stress at p a 0 nd t: s the

, p-A~'.~I+-n~lk~%-n.) 23)fricture tress at presure P( eA~nl ~(23.) In Co)nStrUctJg the fracture Maps shOWn tler. -AVJ hA~t used the more comri.ky equations or the Ap.
where the brackets <,,) have the meaning cndix uhich are not limited to narrow ranges or mn or

(XJWOfor CO e. and which Include the fracture coidiions for
~x~u rotx cOpre-notched *amples,

and 00 Xfr>..1.4. I*O#J Iinkqe 6). s4w

(x~~~mxi fo ~.the void denisity becomes high enough. a new
(Note that equationt (23) simplikis to (21) if nuce. sort of instability becomes potsilk. It is %arlously
at ion occurs prior to necking hnA th p P 0 and At called "void shmeing" or -void coalescence by sheiar"
pressure. p.) The nucleation strain cAn jigin be ind in~oIhcs the catastrophic Iinka~v of %oidi in Ai
convtrted to a stress through equation 01W A similar shear h~And. It is ptrhapi the lest -PtudieJ. and least
"lpresion can bri dewised ror the nucleation strain in %cll understood, of the firacture mechanisms dis.
a notched sample. The limit or the void nuclation cuied herv. the model must he regarde.d 4A a first
line in # - f, space as 0 -.0 0Occurs at (f, a irp approatmatlon only.

.13. VW1 prowth. Unier an axisymmetric flow 3.4.!1. The iputaA~hy. The mechanics or shear in.
field, initially spherical voids grw into ellipsoids, itability bave been analyzed by NM.lintock (31. Yam.
Their growth rate depenids on the mean Atres and the &root* (121 and Sajti l . 1131. At the simplest level.
current level of plastic stin. The axis! growth rwe, the ida is as follows. If the density of spherical voids
4j. and the latral growth rate. il. are gisen by Rice is N, per unit volume. of mean radius. r. then an
and Tracey 1101 as Incremenot of sheer dT in a bend of area A, and

is r)(7 + D) if (243) thickness equal to 2P. reduces the section or the band
by

ilr(72+D 1(24b) d4b - -*.1~~ 27)
Where If is the rMote01 axial Strin rate: 7 Is a lhape W
change amplification factor which depends on the At constant load, the true shear stress. in the band
current void shape: and I) is a volume change increae by
amplification factor which depends on the mreain
stres. (7 and /) are described in the Appendix.) do, 4A1,
Integration of eq uations (24a) and (24b) gives the stze 710 74
of the void in the tensile diretion as (from the Unstable void growth will occur if the work hard-
Appendix) ecoins is Insufficient to compenste for this increase in

r3 W 2exshear stress. The Instability condition is
ro 1 1! 1do, I 4f

X eap 20.8 + 2.21(1 +2 In :t -xa) ,d 77 i
1. where If(-.4d) is the volume of a -ioid. Using

0.84pequation (10), we find the condition for unstable void
Tu - M) -(25) growth in shear to be

where iis the strain beyono nucleation. ( - -v.) M A VNV. (2n)
P* is t& initial void radius (which is tiken as the 1
radius of the particle) and at is given by Shear coalescenc is less pressure-dependcnt than

x +k<-m). classical ductile fracture. and because of this it be.
comes dominant as the pressure increases. At high

Here we assume that void coalescence occurs when pressures, voids do not grow much, so V is roughly
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constant with strain and the most Important termn on pmsume and notched samplesS with no conAnIng
the right VaMd s$de Or the equation is VOWd dansity. pressur (i.e. awaw" iel strew state) Simiar
NV. equations cabek dvloped or other multiaalasress

.4.2. Fractwe by s~eovIhaqr of teWk. Detailed smates.
studies of vvq wicleation (14-111 show tha. after.a The faiure surfaces rot each mechanism are con.
initialnuceation gtsswhch wecalled #,vinScvion veriently shown as hnecs on axes o( 0 and oy, Heme
3.3. the numberof~osincreases roughilyin propor. %te *-#,, on the abos (as opposed to+e.
tion to the .p~atic strain. t, From equation 213 such that the superimposed pressure increases as we

r : ~ move to the nit Mit amcs This alkiwi ror an easir
6%l.~%% i~.i~ - Icompanson wiath maps wshkh havc prc~ious been

I. al G] ploited in # -p space III, The maps also show the

Then. using equation (10) stress tr3jectories wshich aft taketn J4t .1frsi'ui prel.
surcs or with various notch geomriesnc to rvcah the

lIX"N- when ifa fracture surface.

C1 4*, ~ e i The ta:!ure surdaes are plotted by sieqleng
I'M 1V"- Ono ta, (0 through 'alue o(p and evaluating the site$% ite~ictory

[from equation% Ill and t 10)1 and) salues of ef and it,
*shere C, is a constant Combining this with equation corresponding to (racture at each Step. A similar
t29) gives the falure condition procedure is followed ror notched sampks txs.tpt that

- ce~u-- ~ r for 4 ; .y. (31) we step through values o((ai2R). The maps show the
stress tratore o veral pressures and notch

where C, is a dintsionlesi constant. The trous. geometries: the trajectories P': vihetr conditions can
biesonie constant C, is removed by using citpen- be evaluated either from the equations presented here
mental data. Suppowe that %oid coalescene by shcar or by interpolating 1vtwcen the trajectorici -,ho~snon
it observed at a strct do when the presiure im p9 the maps, To plot the failure surfacts. dita are
Then equaion (31) can be rewrtten as needed for a number of material properties, We have

~. \i- ~derived thes from the open literature and from our
17) ~. - .a-' (32) own extensive studies of tOe way in which super.

imposed pressure influences fracture mechanisms in
This delines the fracture surface for shear-induced axisymmetric deformation. The data are assembled in

void linkage. When the nucleation stress a,,. is small Table 2 for various type of behaviour, The origins of
(as. fr example. when the mean stress a. is large) the data are documented below.
equation (32) simplilies to The procedure used to construct the diagramsuwas

I ~ ~ ~ a =osat3 follows. First, the yield (equation (11l)), necking
I - onstnt[equation (14)) and void-1nuleat (equation (21)]

Wt hen. inticad. the nucleation stress is large. the lines were plotted. The mechanism at p n.0 imple
(allure condition tends to tension with no superimposed presure) was

Jf no% Wdetified: (or most engineering alloys it is ductile
fracture. The ductile fracture line was then plotted

and thus (through equation (23)) is pressure de. (equations (A 10) and (A 14)1 using the value of J
penident. giving fracture at p - 0 as a normalizing stres. Datm

for the meschanism change from ductile fracture to
shear fracture or to plastic rupiure arm now used to

4.C.VU~) fTEXP read off the value of. givn by this line, at the
pressure corresponding to the firs chant: or mech.

The equations developed in Sections 2andW3 miste anism. This pair or values of 00 and po are the
the effective stress. 0. to the mean stress. v.. for normalizing stress and pressure for the new mech.
tensile tests on cylindrical samples with a conkiing anism (equations (I5) and (3.1)1. The line for the new

TAbl -. MawWu pretnles
Motorist COWps :.kaw 1045 4340 At-16'.Cu
Sh moduiustMPA) A.3' xO IV 0MIQ' 77X IV 7.7 x IV 1-SixlO'
YO meth C:(MN 72 105 310 1dO 1110
Tu 9nmpt nell (Mha) .2 O P 1

ow haret conutat A IMN $)0 No 910 100t
Power hatas tspwfeitm 040-4 0512 025 005 02H
FtouieuruaiaI im.! i 'ii 02' 01 1
Fract Ulm~s at I aim. NEI IsiPAI 4110~ 1500' 15
VOW id atica utm a I aim #:, IMNQ 0 350 300 ilw
tuifdal uanqh #I (Mrs 0 W00 11M ~ 1400 )RA0
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'Data fr maewsa) In the foes4mhnsdd ate,.
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embrtkd "e uAn an owsrpil N-).6% Cu *Noy.
The diagram ow a (W if for such fracta
menbs~m a&W broken Unm for the yield surface. the
owle of neking And the one of VOWd nudeert
The Inner ectipt Of tIse (rurur(.,ice. v -
"u.hci tcine 1.j1tiethe M. rim 'Itix. h%-V4
INw tmAI~ufc Wiai% J~mimv il l hc

ewerring~Mc~ tuIu -akn -~t eaapmuui ok in
Al-3.6%~A CuMI a0lo isCNW %%Im P41101Lre LOAM~e INTP.#pv

nwcansm ascoetrejd nd heprces rpe t ki Et. tcoppertAUc isN%;i t.1% it liC, s0tt% 0.; wih

A~te l-. o Noy wAI-36 Ca lloas by nt4h, , andEXP Wnrcoh (Fig, an am i ) josre

granular ~ ~ ~ ~ ~ ~ ~ ~ ecaiss frcue[i.24) h ovsiod ne.d ctile fractur hlr e n~d in w h cenrfte
grcanul ar core k and th prcess troute neck. from isp "3SM a with a Cu t002 Vs0itht
tfor cu6) can l) h tcag of mechanism inclu~ion faure O it snarchse e at im t t I h

Ao a e wayu ix WWur at . At p0 Na 0.hen 35 01C pa. ama ti n ( !m.Fec
Ora2milar a Ft;.~ 6). th e parof vlspfn areie duthle sheaiu wt mdlrp voands int entrengfthe?

in the sher fracture equatiion [equation (321)1 to afe fromn standard handbooks 1251. The tensil
construct the shear rracture lhne. A secondl change of strength ots and the worlirdening expow, M are
mechaninm. to plastic failure (ieg- 7). occurs at from French and Weinuich 118). The werk-hairdening
p* w 44 MP& when if m 0 MftaThis pairofval. constant A wals calculated from A4 a, e.1 pmjify'.
ts art used in equation (0)l to conitruct the plastic The fracture stress at p -0 wa3s "IkuLaied fronm
fAllure line. of a All' using data ror I'j from the same worce.

The Alum show maps rot copper, annealed The Cu3O partiles in MTP copper arm cracked.
ii-brass. spheroiid medium carbon steel, a temper even in the as-received material. so -: void nude.

ation stes atP - 0 and the interfate strength #I were
taken as aero. The stress for plastic failure is the striess
eofrsndint, to a strain of r,, + fit By Aling out
equations to French and Weinrich's Ill) datw.. -4e find

U~2 X-1'ass (Fir. 9)
The map for x bram thoui hrix mcch-amnis

'.1' ~. * ductile fracture. ilhc.r friacterc .and ptla~tte iwilurc.
The brats contains 70.1 %'.(u Ail 21i9%I".Zn.
with inclusions or 'InS 120,1 The sianit.irlca henui r.
ment 0i h at 600 C1 ptc a mcin ytrain %ie vf

'I. T 01S7 mim. French aind Wenrich (20 231 'h~erwkJ
thr*ee mg-chanoi~m. dtactik irai.Itirc from
0 < P <350 MP N. ,hc.lr tracturc tino
350<pc 1150 M,1a aind pltie Cfilurc Ilar

4 ~ p > 1140SIP~A. The.se findings art broadly confirmed
Fig. 7. Mkfograph showing the plastic falture mechanism by Yajima et al. 1191 and Beresnev et u!. (241 who
occumfigulhes breaking an astisymmine tensile asmple of identitkcd the transition from ductile to $hear fracture

Al-3.6% Cu alloy under a piresure o'.9OMha. at P :1400 M Pa.
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EATP COPP&R

ATs

10

*:OCQ Soo 0 Soo r00 1-.00

Fig, t. A (ra4te mpin 4 -4, v ,4T pte Broken lines show yieldin. vrnd the start of
niin rullne mih the t4rAnd pmavre aT11 failure by each mechanivii. The inne envpt *f(the

fall line (ces'*luh*WW1 giss the rActure tatfce And OHoM %he chanets Of mechantim.

The shear modulus 6 and the yield strength a,' are mop& is ivpl~ced by shear fracture. At wvry high mean
from the ASM Metal,.s AIArS*e& 12$1, The tensile streses. cleavage fracture is the dominant made
strength a" and the work-hardenino tsponent mi are Although the map siugests that in pnniwitil thi%
from Frend and Weinrich 1241 The work-hardmnangj material could fail by cleavagle, in prw.tilc it is
Lvonstant A was calculated from A - at' tp()jnt" unlikely that a suffciently sevre Strews concentration
The fracture stres at p = (I was calculated from the could be maintained at room temperture in order to
fracture sirains givn by French and Weinrich 1221 attain the required hydrostatic tensile stress. The
using @m?'- At '. Therm arc no meAsuremrents of the large siresaces at the notch tip would result in plastic
itressat wh"chvnedinucleate atthe ZsS partie, We flow and subsequent notch bluntingj. Me)ond yield.
havc found that the overall observations of fracture therefore, the roan stress would no longter increase
modes are adequately described by taking proportionally with the effective stress, as indicated
etm00MNIa (about Gi20) and v.,-3OMPa. by the sum strajectory for Wt),1. but rather
The obserations of plastic rupture awevll-described remin constant or dmp as the effective $;res was
by setting L3t liticreased. Consequently the ductile fracture line

would be reached before the cleavAge line. This stress
Y.1 1005 ihsrds:ed are ( Fix, 10 tralectory is shown schematically on the map (c.u~

The map shouAs a large regime of ductile fracture A). At lower temperatures, howetver, the yield and
At vry low mean strese. i.e. high pressures. this ductile fracture lines would be displaced upward such

4 42--2 , Q 1

at' BRASS] .23

0 Ile

1000. % S11

-~ ~ ~ -; (MPG)O ~ p5

Fig. 9. A fracture roap in d -v. space for x.brass, It shows three matcharnniss ductile fracture, shear
fracture and plaitic failure.
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STEEL

50 e

10Q-5 SPHEROIOIZED
STEEL I

- ---- - - - - - - -

0 - 1

Fl.l10,(a) A frbotmap In - w specofihe104S % intheeroidim Co"OdIti. ltsoiepes
of ductile fracture. shear fractur &W cleavape TMe conv' labeled A4 ihematily WShOws thetrjrtory
for a vev*Mey notched sample Okic undegoe woth blualing and ulunasly (44l by ductil fixturt

Mb The map in (a) pItitei in 4 -p lpow.

that the cleavage line could be easily reached using The value of el olatained by krowvigg et *. 1161
the appropriate sample f-ometry. wasl not Used hefe Since it was evaluated incorrectly

Almost all the data aft tram Bro~nnlg et sal (161, atmording to the methora Goods and Brown 141, In
Their material (A ISI 1045) was austcrnized for I h at this method ((%.)1 -is plotted against the hydrostatic
900 C. uil quenched. tempered under vacuum tar stress. 0N * and the data are extrapolated to -.. 0.
S1 h at 700 C and furnace cooW~. The cleavage stress at this point #it = a,. Brownritge al!. plotted (.)
was calculated in the way suggested by Knott (26). aganst the mean stress. e., resulting in a value ot
using #I- 1200 MPs. A similar value was obtained by

Vt LeRoy et a. (141 using the smen incorrect method. By
*r Iplotting Brownrigg's data as ((%.)I** vs a., we find

J~M tl'at 100 gOM Pa. This value is in pood agreement
with E = 2 x 10' MPa 131. 14 J In m nd with values ot 2000mpa obtainez! by Goods and
q0 - 1. 1 pum (the 95th percentile or the carbide size Brown (41 and 1700 MPa obtained by Argoin and Imn
distribution), using data from Brownrig et al. 1161. (271.
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:4340 STEEL
(TEMCR KIWTTV J

2~~~w toot" - U(%

*Cr. impel

rie. ItI A (Wate ult 1114 sa - v., *P" rw JPOa %td the prhn~t 41,41t The Naae tfA% tuft

The lines correspondint; to the other moehanisms branches At low Wwreits or In ntd samples
wer plotted in the *ay hlrvady deticribed for copper brittle (woctre asto n~otole n thos the
zed-s-bram spin usang &-t fromn 4wnrag es o; rraviurt ttrtw mcles %%ilh the )ICUI tvro At high
1161 ermwc%. %;wkL "hah .Art nuwktO~ .; te )aeW

point are Fnt~ly tl urther %training sncreas
JI 440 Svd i .vrf,.'~kvi(F ,~ te strcsi until the lewd required for rapi crackJAA M Sd. ~w-ps~ks/Wq.11)propagationa is altined,

Embritthng imiets displace the brittle liter. Ntither shear fracture nor plamic rupture tirpear an
granular NOacUN hoe to the rishtso that it truncstes the rfne of pressures for %hich dats are aviablek
the 4lu-ttl fracture lNw. The map shows how- brittle
fract is replac by dauctile fracture as the pressur
is isacreaWe. The data mr frm Cox and Low 1731, J, A-3-6i~ Cm .1A~rig,' 121
The maeial contans t*o kinds of inclusions, Laalt
MaS pailde ont whidh Voids nuclecas SONm as the The map shos three mechanius satcrilranubar
matrix yields, and smaller Fc1C wtiscs which gave brittle fracture. shear Ismiurc and pltaw rupture.
voids in shear beds linking the MnS-nucltd The data arv fromn Tirilinck (2N) The mteal it a
voids. Nulation u the MnSpartaclrstdescribed by hiSh-punty Al-3,6Cu salloy Ahich has ben
of w ts=, m 140 Mh. iolution-lieAt itated, quenched antd agled for four
In the embrattled state, the fracture stress at Jays at 12S C to give esa grain boundary

p - 200 Mla was taken as the yield mstrss Not that precipitation. resulting in iniergranulAr fracture :1t
the brittle interrianular ficturt line has two p 0 The lane for the othe mechanisms were

Al -3.61.Cul

-q. tI a

Fig. 1I. A fracture map in d - 4r. space for A-36 Cu, It sho-As thine mevhenims: brittle intergamuut
firacture, shear fracture and plastic failure,
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calcmad Int the way desrbed for oppe and stress ait a pivto presswe in Al- p spaew Howewv
a bras voing; data fromt Teirliek 1291. thee it no i"dication her of the large hydrosatic

Wn due toO muckin Wa eMR at higher o ~wawsin
it. 10(4 Wis ther ay Information regurdiuig the

&I!. Cemi'ersoot wrthpwiro fireruv 'OMiW frautur:, of initially notched samples.
The preeding eamples show how diagams tin Ir 'iw of the additionl Information prosided lot

a - C., $pWc descritt in A PKItril wAly the fe- the 4 - d", rmaps. it it our feeling that the additional
latiotiship between irompetrng frnturc mcfth~ntstt %:omplewiy uve inwt tinsotrun8 and IVAding
As the liresu state it IhAnwc Similir mari have thvC mark 14 Justified lII~t~c. for materials iii
prcsouuly beeni constructed sin 4 -p ipAwe III At- wAhih Nking IS noit %%I tc-Acin hCi the

though the two* t)PO ofmaps Coft~t)L essetiallY the Kha~iour (4%r to A U Is or primary inlerlt, At nMari
same Inforiw.Uon about the fracture fmsk ata .i gin tria -1 p spac plimli an app~tr epcjntt.
pressure. therle are WoMC trndf~ Ktrc* t~n %tt rIIc rur .1'nUit10n
the Maps whih need to be AjIressed

The maps in i -p spac havet the adsantage that 62 b.*tflJw UiZAi. &hu41i n ;?14*Itmloe
they are wmpler to,:onitruct and read ':nmc thcr,: sk Iravluri: iv the. CAW Noint of au daiv a-outtlu
no need to esplicitly follow the stricis trit-s:r) 14atkln Proxm. .And not at dlreie event Inndcint
during deormation. In these maps the stres irs- or the deformation proctss. Int this co.ntcvt. the
JCciofy it simply ond In which lt pressure iK in. frac4:t "eWent" CAn be viCwed AS thIatin31111m Of
crasd to soim iAed val. and the uflective stress a uriue-Al dan'ae leel.%wth the fracture mode being
then Increased monotonically to failure In 4 -. , determnd bYh~ch Wo(AUMAg racuflUaes
space the stie"s trajectory at a fid presture it a toi a itcal leve It is. therefore. useful to describe
function or the chanting sample #Comv~tv and must dmgeoubcnorc~iatlmgo
thcieflre be %hiAwn cvplictl) tin tt,: inip %Aatho'ut I fth iru lhaaanv Inapt A gitim %aimit level
these trajectorie the fracture Mod,: AnA fricture siwi~ac hoiw s the nujtria Ii to failure and the
stress could not be ,Aiiy read OiN the maps. relative Pvsituiens of thecevnlouts indi~ct the rate of'

One disadvantagec of the maps in i -,p space is damage acumulation at vioui pointi alorig the
that theret Is no inication of the Cha~nge tin Rstrs state deformation path The damage contours combined
reslt"n from necking. The hytirostatic tensile sites with the fracture surface provide a more complete
which can be attained within a neck may reach a picture of the processes leading to fnctuft thsn that
signifiant fraction of the fow tess and clearly provided by the fracture conditions alone
iniluenees the fracture mtde and fracture stress at a An esmpl eofdvuAmi contours (Air a single mech.
gime pressur. I: is therefore useful to depict the anim iductile fruiturel is gvn in Fit, 13. wther the
contribution or the changing sample geometry to the lines corresponding to dAmage levels of 0).2 and 0.5
W01es State as shown Ont the Maps In 4 - 6., SPUZe nave been drawn for a WAS5 sphetrdized stel. The

An additional dilfculty aries in the if - p maps in damage is tprtsted as the ratio of the void dinn
the region whefr p < 0. superimpose hydrostatic sion in the tenuil direction. ro. to the viti.Al vaJlue Of
tension, In practse.we cannot superimpose ant arbi. this dimension. rj., at firacturt. it takes the vailue of
trary hydrostatic tension onto a itnui sampl. In- iero Just before %vOiW nucleation, and a value of I at
stead we use notches to create a hydrostatic tensile fracture Such contours show how the relative im.
stress which varie with the current dow srtres ni partance of nucleation and growth of voidt changes
current netch eownetry Thus the parameter which is with stress state: when the superimpt -is *ostatie
plotted ont the abscissa of the left side of thes maps pressure is large. the lines of constant %.#fare are
is actually the hydrostatic tension. cf. resulting from close to the ductile friictute line. indicating that the
the nGn-uniform sample geometry. whereas the ab- pressure dependence of damage growth is higher than
cissa or the right side is the superimposed pressure that or void nucleation.

This inconsistency can be remedied by replacing the The maps also illustrate how the cup-and-cone:
pressure on the abscissa with the hydrostatic stress. fesclure forms in an ordinAry tensile specimen.m In the
qUN. (which includes both thA: superimposed pressure cente, where the fracture initiates, necking jentrats
and the hydrostatic tension due to a neck or notch) a large hydrostatic tension, fAvouring classical ductile
or with the mean stress. c, (which includes t'ii and a fracture. At the surfac of the specimen, the hydro-
component due to #,.) as we have done here. In static tension is much less, and a switch to shear
doing so. we also provide a more complete descrip- fracture occurs.
tuon or the stress state during deformation and at Finally, it is worth noting that it is positble to
fracture. reach almost any point in these maps by creating a

To provide a comparison of the two type of maps, suitable stress concentration. Hydrostatic tension can
the data for the 1045 ipheroidiztd steel (Fig. WWIa be created by notches or c.Acks and positive pressure
were poted in df -p space (Fig. 10(b)). For reasons by indents or point loads, The maps puve some idea
outlined above, only the region in which p t 0 has how failure will occur under these multiaxial stress
been included. Clearly, it is easier to read the fracture states.
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gft'h '%ft

Fil, ~ ~ 13 *ciit"Ato ohfatie w& o~ ~o wd wrwai~
9"1 ~ ~ ~ -Th *1knosct* o % aisOf hltPi kkWN h oe

.4ino in 2kAp~i

7. CONCLUSIONS -.... kmf-W Iht ako~ec h nni

Fn bittlFe cwmpshwngb fracture)u emdle and t d scrbd I - M, F Aosby. )inm0, fotry S. t04 6t anldlmapmiitelyb Te aage %othars elnespn to se t of , Tetiact whris owmN.iwe 1 rom ) he IMd,

7.rc h qatostk ipl oMtn theCLIO. .4rwtin.AKrra-. Newh okleg the9.i42 nc
cgcck,,vSimst atrallrc. f. t tht"wanilf". q. oI F h A- ER MCanadju its Dwsl tc.p' m So terU es.

The bodesc araturhe smpehan%,iis ha stf l n ieng w Mtll-r.Oio1%1
loys~4 S.asi rut.e GoodsI MWcwe Lha Mrawr broV.FER#ENCES 7.I 11

and-1 bItt- rcturte cstal e IK moele and desrxedSiui e .Rchod roowii 2 5

Jtsciptin ofthe ata.iliqadeqatee dtwbc l,-. J rt Pee Mies I.4 105(196)).sudAtionsi sttre n~We tthini ainmisaasm F. Pith W, Aspun k~de isjw Cmeit 'ioih wld by
metric tt~e ~wtios ta~esimpleforS, Peatn thek Jn~r. MiGeo.Hl1.o Am. Ntwk tl1%61

!ectw sres a;% Ix"~ C L wuthe n 0 stress.%- 01. t N F A by cilot 1** 31Dru~. Y. JIVA-01 clii
Avedgement.rtathe esenotiallpoysic The diagram.s 9W A. Mui me~sd 0 .ietwi. Pil tw,a A2 45
shoe rofpess. o lhurhtey ove not ach ailest (196).
uderlng on hemesta yildng plticv dencnbilthe A1 Oung. Pi i 3 O?(9

Maps~~~ ~~~ 11.. Lce M.tr~w ino aad J~saefr i IF . 0. mbt, r. P Jr lost ollevallustracik pngineeeing vloinulaonnd M#* ekoAsys. Theroo digrm q N.ho.an M iob . P 16a~.43
fo the hange of pmehsm. loy s dhiche ea fl 1H9761. o M w r1.37 17)
thaxtnt ad domiinan. Tealshwcharlfs. eedng in 1O. . So J.c assd A3. Traeeyen. lo Jec Pa S 17.

10! 119U).theryidrngth roceer woerk hasdeicg incsaiony 14. LG. LeRown and 0. 0. Embw .Edward ad .C"F

cortechneomcaimAldlrmnt tic Ah. damamoto. I. 13"iw (141.34(17

The diagrasms have a number of applications: IS. 1, E Freach andi P. F Weinrich. S&npt r~an~d. 0. 87
(1974).(a) They revtal in a simple way the compkxt 16, A. llrownngg. W A. Spltiag. 0. Richmond. D. Teir.

interaction between competing fracture mechanisms. hanck and J. 0. Embiary. .4ria meii!I. 31. 1141 t 1983)
and th.- physical origins which underly themn. 17. ). R, FislieandijJ.Guriand. .l1ndiSit 1S. M85(1991)

11 . E Frcrnch "n P. F. Wenrich. .SlalI Trau 6A, 711,(b) They show how rcsurt may be used in 17)processing to change the fracture mechanism. and 19 .MYapma.M3. Ihiil and M. Kobaysihi. hit J Feactsir
how. in a notched sample (where hydrostatic tensions 6.139 (1970).
appear) changes of mechanism may he induced. 20. 1. E French and P. F Weinrich. Arta mretull X4 317

(c) They help show how peocessing vanables which (1976).
changei the material properties (yield strength, work 2!. 1. E. Frenh and P. F. Weinfich. Senilpa meiell. 3. 7(1974).hardening exponent. inclusion content. etc.) can 22. 1. 1- .Fitch and P. F. Welnach. Achi noetil. 21. 1533
change the frcturc made of the material. (1973).
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APPENWXX Recall thAt
Dmee& Fruir" ft't

lik ,6ke roteln(t duct~k fixttar in notchedaand 'n
u"OWWh~ WAAs~ Uaplen afe doloped' YN% it doncb
tnwgrsg sh Rice P4 Trney solutions (of vow "11S Thus
ad 3"ms that hu.f ihU 4t 31 clwl "su off., 0'.

0(epaes Ufsress swae

0 ImotfeArd rwaak Sewpkz For miltt.l~~
'r'W t cahan41141# paraOmer 0. 0 Iltj * i% I.-

0- O a oni 3 .(,Al Ahich leAds to the tppeimmAiwei

The ratio d~, uring ittl)rmstn1C oaaian-4 if gasec b) sArbetj

The shapet chane pa rtr. -1. %1,6"w appeoumatly by Uponsitu5itoE of(AS) aid (AV) tt* (A's). ja Ukians
1141~ w 0.38 (21. we obtain ton epeeson (of the pmurv.

7-I dependence of thc traduc strain
(A) 0.U4RI()+ 2.2114"aUt -1In 83)

Upoo 5sitto of equation (AIHA)) asn (10) into OU
(U). wet obtain an expression for the lpo%%th t-ateo only in -'("I.g? t AlW)
tenni *(the strain. waptnmpmwe presure and &OIL hard. AU -OR)i
enin; constats The restaltant eapesason can be integratedl mswn. usn tlhenmenta &A for the fractuft strtift 3t
fromn 1c to I(to 3et eqution (25) in the text. p - 0 and the wnk hardening constants, the trfacturt itrain

511a01 OWa criteion tot ductile 1 raU tu AN* sip W eilk and fractunt stres can be evaluated in tern of the supr .
uwch the void in aches a critical value, the ftaciu impW pressure
tAin. 13. at san pressur. p. ca be evaluated If, tems or For matetials which do nan undeoa exteansae wk~ing

t (ticture straitn. 1,. as p w 0 by equating the eaptesions V( 11). the In tem in equatko (AI10) can be appeoimaced
for r3 s1 he two Pressres by

Atp- mInt -Wf-mx)) a W~-).
- Thus

X P[0.2S(+(l + U+SI t a -)s (A4) x Ik <11- m)I- It +k(l)- s)Mk (0- m),
Negiectingi second order terts ton (- m. we gst

*hesm -I +k((, -OR) aIax, -silnsh:ak(ra -41.)
At a preuaur. p Suabstituting this result into equation (AID) anJ twkinp

tx t:- Ii e{ .4. ' I+aIn3 -s) mt1. e obain %1, tiAlowing samphitrW form of the

wherei a I (14- ). The fracture strain can be conversW to'a stre saing
LeRoy er d. 1141 shaowed tat for typical vaue of equation (10) and the reultant expretsao is equation (26)

2eap!~sl.(2) Not:Aad Toenuik S&Vkte
Thts. taking The saze ur a vid in a pre-notched tensile sample tested

2eapi ( - I a 2kApj at atmospheric pressuret can be evaluated in a similar way
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to that IsS uaok-be amOpk Hoim~w. ** w e Eq4t4.AIl) c@;bt hipl'A4 to
hyd0oomt gggm lIn a prtftouhW mple m%04 bi 4

mm~~~~~~ %b veli htoa t~ we.quations Aumit twhe6nowh Smbofy twmaini coaltanitn d rwemn i Thul If tkn it not tc tinigm in Owe uninowbedw mp* atfromu eqomitont iAtjJi j IWA

" 6 0 ftR ,,j I ieI- a~
Inttpait the rombt t.Ic cimlm h 04si Miin tqu*I$t (A IAl "it bt splwom'tm*d byr, ) (AISI

por~ue , 'ti 2.t~ IniI t h io tkng ,,ftio IAO lec t

ttin Ik csteimmn ("r F, Thus(IK

2.2 ( + illl 3 1:142
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